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ABSTRACT 

Carbon and s i l i c a  f a b r i c  re inforced  a b l a t i v e  p l a s t i c  nozzle  components 

were f a b r i c a t e d  wi th  d iscrepancies  introduced during the  wrapping and cur ing  

cyc les .  The a b l a t i v e  performance of t h e  components was evaluated a f t e r  s t a t i c  

t e s t  f i r i n g ;  t h e  mechanical and physical  p rope r t i e s  of dup l i ca t e  flame l i n e r s  

were determined a t  room and e leva ted  temperatures.  S t r u c t u r a l  and a b l a t i v e  

performance p red ic t ions  based on t h e  measured p rope r t i e s  were compared t o  t he  

a c t u a l  r e s u l t s  and a c c e p t l r e j e c t  c r i t e r i a  f o r  t he  introduced d iscrepancies  

der ived . 
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FOREWORD 

The research and development work described herein was conducted by 

the Space Booster Department of the Aerojet-General Corporation under NASA 

Contract NAS3-12008. The work was done under the direction of J .  J .  Notardonato, 

Project Manager for the NASA Lewis Research Center, 

This program was conducted under the management of J ,  J. Warga, who 

also served as project engineer. Principal investigators were R. L. Knapp in 

the area of heat transfer analysis; H. Efron in structural analysis; D. B. Syrek 

for statistical analyses; J .  M, Amaral for evaluation and analysis of nondestruc- 

tive testing techniques; and E. Wong for development of accept/reject criteria. 



I n  s c a l i n g  up t h e  f a b r i c a t i o n  of re inforced  a b l a t i v e  p l a s t i c  nozzle  

components t o  t he  s i z e s  r equ i r ed  f o r  use  i n  t he  260-in.-dia motor f e a s i b i l i t y  

demonstration program, i t  was found t h a t  dev ia t ions  from the  ma te r i a l s  and 

processing requirements f r equen t ly  occurred. This introduced delays i n  t h e  

manufacturing schedule whi le  t h e  e f f e c t s  of t h e  devia t ions  were evaluated.  

Because of t he  l a rge ,  few-of-a-kind components t h a t  were being f ab r i ca t ed ,  

t he  accept - re jec t  c r i t e r i a  tended t o  be e i t h e r  a r b i t r a r y  o r  excess ive ly  con- 

s e rva t ive .  The former were based on p r i o r  experience with much smal le r  nozzle  

components; t h e  l a t t e r  cons is ted  of submit t ing a l l  manufacturing and m a t e r i a l  

t e s t  d a t a  t o  a  c r i t i c a l  engineering review. While t h e  conservat ive approach 

had the  advantage of minimum r i s k ,  t h e  adverse e f f e c t s  on c o s t s  and schedules  

would outweigh t h i s  advantage i n  r e p e t i t i v e  manufacture, It became apparent  

t h a t  t h e  use of some predetermined s tandards of acceptance were necessary 

basing these  s tandards  on t h e  knowledge of t h e  e f f e c t s  of t he  devia t ions  upon 

the  a b l a t i v e  component performance. E s s e n t i a l l y ,  it would be advantageous, 

i n  reducing c o s t s  to: (1) consider  t he  use of a b l a t i v e  nozzle  components t h a t  

contained d iscrepancies  of a  na tu re ,  s i z e ,  and frequency t h a t  would no t  com- 

promise r e l i a b l e  performance, but  t h a t  he re to fo re  had been considered r e j e c t -  

ab l e ;  (2) develop r e p a i r  techniques t h a t  would cause r e j e c t a b l e  d iscrepancies  

t o  become i n e f f e c t i v e  i n  producing f a i l u r e s  i n  f u l l - s i z e  components, 

Accordingly, t h i s  prograsn was i n i t i a t e d  with t h e  ob jec t ive  of develop- 

ing accep t - r e j ec t  criteria f o r  d iscrepancies  i n  r e in fo rced  a b l a t i v e  p l a s t i c  

nozz le  components f a b r i c a t e d  by tape-wrapping. This  ob jec t ive  was t o  be 

achieved by: 

A .  Designing and f a b r i c a t i n g  re inforced  a b l a t i v e  p l a s t i c  nozzle  

components incorpora t ing  m a t e r i a l  and processing d iscrepancies  a t  predetermined 

l e v e l s  of s e v e r i t y .  

Page 1 
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I. In t roduc t ion  (cont)  

B. Evaluat ing t h e  phys i ca l  and mechanical p r o p e r t i e s  of t h e  de fec t  

conta in ing  components and conducting a b l a t i v e  and s t r u c t u r a l  analyses  t o  

determine the  most probable o r i g i n s  and loca t ions  of f a i l u r e s  wi th in  t h e  

components. 

C. Assessing t h e  c a p a b i l i t i e s  of NDT techniques t o  l o c a t e  discrep-  

anc i e s  a t  the  l e v e l s  in t roducted  i n  t h e  nozz le  components. 

D. Conducting s t a t i c  t e s t  f i r i n g s  t o  v e r i f y  t h e  a b l a t i v e  and s t ruc -  

t u r a l  performance of t h e  d iscrepant  nozzle  components. 

E. Developing techniques t o  r e p a i r  d i screpant  nozzle  components and 

conducting s t a t i c  t e s t  f i r i n g s  t o  v e r i f y  t h e  e f f i cacy  of such r e p a i r  techniques. 
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A subsca le  a b l a t i v e  nozz le  assembly wi th  a t h r o a t  diameter of 3.50 i n  

(8.89 cm) was designed t o  be f a b r i c a t e d  by tape-wrapping and hydroclave-curing 

techniques.  Discrepancies  were introduced a t  t h r e e  l e v e l s  of s e v e r i t y  i n t o  

each of t h r e e  nozz le  components: en t rance  cap, t h r o a t  i n s e r t ,  and e x i t  cone. 

Twenty sets of nozz le  components and twenty d u p l i c a t e  sets of flame l i n e r s  

were f a b r i c a t e d  from carbon f a b r i c  r e in fo rced  phenol ic  (MX-4926) and s i l i c a  

f a b r i c  r e in fo rced  phenol ic  (MX-2600) prepreg tapes .  Two of each of t he se  s e t s  

were f a b r i c a t e d  wi thout  d e l i b e r a t e l y  introduced d iscrepanc ies ;  t h e  remaining 

e igh t een  sets of components and d u p l i c a t e  flame l i n e r s  contained: 

Delarninations 

Wrinkles 

Resin-segregated a r e a s  

Density v a r i a t i o n s  

V o l a t i l e  content  v a r i a t i o n s  

Cure cyc le  v a r i a t i o n s  

The d u p l i c a t e  s e t s  of flame l i n e r s  were used f o r  t h e  prepara t ion  of 

specimens f o r  measurement of mechanical and phys i ca l  p roper ty  reduc t ions  

a s s o c i a t e d  with t h e  d i sc repanc ies .  Compressive p r o p e r t i e s  of t h e  carbon 

and s i l i c a  f a b r i c  r e in fo rced  components were determined i n  d i r e c t i o n s  r a d i a l ,  

a x i a l ,  and t a n g e n t i a l  t o  t h e  nozz le  c e n t e r l i n e  and a t  room and e leva ted  

temperatures  up t o  3000'P (1649 '~ ) ;  t e n s i l e  p r o p e r t i e s  were determined only 

a t  room temperature.  The dens i ty  of t h e  v i r g i n  composite was determined a t  

room temperature; s p e c i f i c  hea t  and thermal c o n d u c t i v i t i e s  were determined 

up t o  1600°P (871'6); and the  thermal d i l a t i o n  up t o  1000°F (538'C). Except 

f o r  dens i ty  v a r i a t i o n s  t h e r e  was no c o r r e l a t i o n  of p r o p e r t i e s  t o  discrepancy 

l e v e l s .  
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11. Summary (cont)  

The nozz le  components were inspec ted  by rad iographic  and pulse  u l t r a -  

son ic  techniques t o  determine t h e  l o c a t i o n  and ex ten t  of each discrepancy. 

Then s e l e c t e d  components were examined by techniques new t o  the  260-in. motor 

program ( i n f r a r e d  thermography, eddy-current and resonant  frequency u l t r a s o n i c  

techniques) f o r  comparison t o  t h e  radiographs and u l t r a s o n i c  scans. I n  gene ra l ,  

d i s c r e t e  flaws were accu ra t e ly  descr ibed by pulse  u l t r a s o n i c s  and radiography. 

The e f f e c t s  of m a t e r i a l  v a r i a t i o n s  such a s  high v o l a t i l e  content  and cure 

cyc le  v a r i a t i o n s  could n o t  be de tec ted  b u t  r a t h e r  had t o  be i n f e r r e d  from t h e  

presence of d i s c r e t e  f laws.  While t h e  "new" NDT techniques were r a t e d  good o r  

e x c e l l e n t  i n  many in s t ances ,  they rece ived  such high r a t i n g s  only i n  i n s t ances  

where radiography and u l t r a s o n i c s  were a l s o  high-rated. The use of the  "new" 

methods would thus  be  ind ica t ed  only f o r  reasons of economy o r  f o r  convenience. 

Assembly of t he  a b l a t i v e  components i n t o  the  s t e e l  nozzle  s h e l l  was 

accomplished by adhesive bonding. Of t h e  20 d iscrepant  nozzle  assemblies,  

s i x  were assembled wi th  a r eas  f r e e  of adhesive varying from 20 t o  60 percent .  

The unbonded reg ions  were de tec ted  and defined by the  use of a  contac t ,  u l t r a -  

son ic  technique ope ra t ing  i n  t he  pulse-echo mode. 

The twenty d i sc repan t  nozzle  assemblies were t e s t  f i r e d  i n  t he  nozzle- 

up p o s i t i o n  during t h e  period January t o  May 1969. The b a s e l i n e  (defec t - f ree  
2 

nozzles)  motors opera ted  a t  an average pressure  of 600 p s i a  (4 .1  M N / ) ~  ) f o r  

an average time of 26.4 sec ,  using an  aluminum loaded p rope l l an t  wi th  a  flame 

temperature of 5800°F (3477'K) - w e l l  w i th in  t h e  program requirements.  Af t e r  

t e s t ,  t h e  nozzles  were disassembled and examined t o  determine t h e  ma te r i a l  

r eg re s s ion  and depth of char  produced by the  d iscrepancies .  The flame sur-  

f aces  were examined f o r  evidences of m a t e r i a l  f a i l u r e s  and specimens were 

removed f o r  determinat ion of the  char  dens i ty .  During the  course of t he  

t e s t i n g ,  it was determined t h a t  s t r u c t u r a l  f a i l u r e s  i n  t h e  ex i& cone could 

no t  r e s u l t  wi th  t h e  o r i g i n a l  design conf igura t ion .  Accordingly, the  s i l i c a  
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11. Summary ( c o n t )  

a f t - e x i t  s e c t i o n  was machined t o  a w a l l  t h i c k n e s s  o f  0,250 i n .  (0.635 cm). 

A d d i t i o n a l l y ,  t h e  s t e e l  n o z z l e  s h e l l  was removed behind t h i s  reduced s e c t i o n  . . 

t h i c k n e s s .  T h i s  l e d  t o  t h e  f a i l u r e  of an e x i t  cone by burnthrough a t  an  a r e a  

of de lamina t ion ,  subsequent  u n r a v e l l i n g  o f  t h e  p l i e s  of m a t e r i a l  around t h e  

de lamina t ions  and e j e c t i o n  of t h e  e x i t  cone a f t  of t h e  in t roduced  d i sc repancy .  

A n a l y s i s  of t h e  performance of t h e  a b l a t i v e  n o z z l e s  was performed by 

h e a t  t r a n s f e r  and t h e r m o e l a s t i c  t echn iques .  A c h a r r i n g - a b l a t i o n  computer 

program, which combined t h e  i n p u t s  o f  t h e  h e a t  t r a n s f e r  a n a l y s i s  w i t h  t h e  

c o r r o s i o n  k i n e t i c s ,  r e s i n  p y r o l y s i s  and thermophysical  p r o p e r t i e s  of t h e  

v i r g i n  and c h a r r e d  a b l a t i v e  composites was used t o  p r e d i c t  t h e  m a t e r i a l  

r e g r e s s i o n  d u r i n g  t e s t  f i r i n g .  A f i n i t e  e lement  computer program, which 

combined t h e  i n p u t s  of t h e  t empera tu re  p r o f i l e  w i t h  t h e  e l e v a t e d  t empera tu re  

mechanical  p r o p e r t i e s  and thermal  expansions  of t h e  composites was used t o  

p r e d i c t  t h e  s t r u c t u r a l  performance.  It was found t h a t  t h e  e f f e c t s  of d i s -  

c r e p a n c i e s  which d i r e c t l y  a f f e c t e d  t h e  char  d e n s i t y ,  such a s  r e s i n  s e g r e g a t i o n ,  

cou ld  b e  p r e d i c t e d  w i t h  a f a i r  d e g r e e  of accuracy .  It was a l s o  found t h a t  t h e  

f i n i t e  e lement  computer program i n d i c a t e d  t h a t  d i s c r e p a n c i e s  of t h e  t y p e  and 

s e v e r i t y  under s t u d y  would n o t  themselves  i n i t i a t e  a s t r u c t u r a l  f a i l u r e ,  b u t  

would p ropaga te  a f a i l u r e  i n i t i a t e d  by some o t h e r  cause ,  such a s  a l o c a l i z e d  

burnthrough.  

E i g h t  a d d i t i o n a l  a b l a t i v e  n o z z l e  assembl ies  c o n t a i n i n g  in t roduced  d i s -  

c r e p a n c i e s  were f a b r i c a t e d  and t e s t e d  t o  e v a l u a t e  t h e  worth of r e s i n  f i l l i n g  

t echn iques  f o r  r e p a i r i n g  t h e  d i s c r e p a n c i e s ,  Two t y p e s  of room-temperature- 

c u r i n g  r e s i n s  (epoxy and f u r a n e )  were used.  N e i t h e r  type  was s u c c e s s f u l  i n  

improving t h e  a b l a t i v e  performance of t h e  d i s c r e p a n t  areas. From t h e  r e s u l t s ,  

i t  was concluded t h a t  a p h e n o l i c  r e s i n  b a s e ,  which would have a h i g h e r  c h a r  

y i e l d  would b e  more s u c c e s s f u l .  A d d i t i o n a l  work was recommended, 

Page 5 



NASA CR 72702 

11. Summary (cont)  

Combining the  a b l a t i v e  and s t r u c t u r a l  a n a l y s i s  techniques with a  

s t a t i s t i c a l  a n a l y s i s  of va r i ance  it was poss ib l e  t o  e s t a b l i s h  a c c e p t / r e j e c t  

c r i t e r i a  f o r  de fec t  l e v e l s  i n  a b l a t i v e  nozzle  components f ab r i ca t ed  from 

carbonaceous and s i l i c a  re inforced  tape  prepregs. The a c c e p t l r e j e c t  c r i t e r i a  

a r e  l i s t e d  wi th  regard t o  t h e  e f f e c t  of t he  d iscrepancies  i n  t he  i n l e t ,  t h r o a t  

and e x i t  s e c t i o n s  of t h e  nozzle  and recommendations a r e  made t o  r ev i se  NDT 

s p e c i f i c a t i o n s  f o r  l a r g e  nozzle  components t o  inc lude  the  acceptance l e v e l s  

r e s u l t i n g  from t h i s  program. 
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111. MOTOR AND NOZZLE DESIGN 

A. PROGRAM REQUIREMENTS 

The fol lowing motor b a l l i s t i c  and nozz le  design requirements* 

were s p e c i f i e d  f o r  t h i s  program: 

Throat diameter ,  i n .  (cm) 3.5 (8.9) approximately 

Expansion r a t i o  6 :  1 
2 

Chamber p re s su re ,  p s i a  (MN/~ ) 600 - + 50 (4.14) 

F i r i n g  du ra t i on ,  s e c  25 minimum 

Prope l l an t  aluminum conten t ,  % 15 - 4- 1 by weight 

P rope l l an t  combustion temperature,  O F  5800 200 

P rope l l an t  type  PBD 

I n  add i t i on ,  a b l a t i v e  requi red  i n  t h e  t h r o a t  and 

near - throa t  reg ions  were carbon f a b r i c  r e in fo rced  phenol ic  prepreg (MX-4926 

o r  equ iva l en t )  and o t h e r  reg ions  of t h e  nozz le  were s i l i c a  f a b r i c s  (MX-2600 

o r  equ iva l en t )  t h a t  was f a b r i c a t e d  i n t o  t h e  r equ i r ed  nozz le  components by t h e  

use of wrapping and hydroclave cure  techniques.  Also,  i t  was s p e c i f i e d  t h a t  t he  

maximum s t r a in .  i n  t h e  s i l i c a  m a t e r i a l  used f o r  overwrap i n s u l a t i o n  be  no g r e a t e r  

than 0.15 percent  (0.6015 i n . / i n . ) .  

B. TEST MOTOR 

The s o l i d  rocke t  motor used i n  t h i s  program was a  tes t -weight  

design,  i n s u l a t e d  t~ provide f o r  m u l t i p l e  use without  t h e  need f o r  r e h a b i l i t a t i o n  

*Ref: Contract  NAS3-12008, 

Page 7 



NASA CR 72702 

I 1 I . B .  T e s t  Motor ( c o n t )  

between f i r i n g s .  The motor assembly i s  shown i n  F i g u r e  111-1. E s s e n t i a l l y ,  

t h e  motor c o n s i s t s  o f  two p a r t s ,  a chamber w i t h  a t t a c h e d  fore-end p l a t e  c l o s u r e  

and a  c o n i c a l  aft: c l o s u r e .  Both p a r t s  were des igned  t o  w i t h s t a n d  i n t e r n a l  
L 

p r e s s u r e s  up t o  3000 p s i  (20.7 MN/m ) a t  a  s a f e t y  f a c t o r  of 1 .25.  

The chamber b a r r e l  s e c t i o n ,  t h e  fore-end p l a t e ,  and t h e  a f t  

c l o s u r e  a r e  a l l  i n s u l a t e d  w i t h  uncured V-44 rubber  ( S p e c i f i c a t i o n  AGC-34161) 

v u l c a n i z e d  i n  p l a c e .  The forward end of t h e  chamber i s  p o t t e d  w i t h  SD-810 

e l a s t o m e r i c  compound ( S p e c i f i c a t i o n  AGC-36468) t o  reduce  t h e  chamber volume 

and p rov ide  s u p p o r t  f o r  t h e  p r o p e l l a n t  c a r t r i d g e .  

Attachment o f  t h e  a f t  c l o s u r e  t o  t h e  chamber is  provided by 

t h r e e  c i r c u l a r  hardened s t e e l  r e t a i n e r  segments,  v i s i b l e  i n  F i g u r e  111-2. 

These r e t a i n e r s  f i t  i n t o  a groove i n  t h e  chamber f l a n g e ,  moving i n t o  p o s i t i o n  

a long  t h e  s l o t s  a t  each end of t h e  segment. Each segment i s  locked i n  p l a c e  

w i t h  t h r e e  h i g h - s t r e n g t h  s t e e l  i n t e r n a l  wrenching b o l t s  threaded i n t o  t h e  

c l o s u r e .  P r o p e l l a n t  g a s  l eakage  between t h e  chamber and c l o s u r e  is prevented 

by a n  O-ring s e a l  l o c a t e d  i n  a groove machined on t h e  O . D .  o f  t h e  c l o s u r e .  

2.  Motor B a l l i s t i c s  

ANB-3066 p r o p e l l a n t  was s e l e c t e d  f o r  use  i n  t h e  motor. To 

meet t h e  program requ i rements  f o r  motor o p e r a t i o n ,  s i z e  of t h e  p r o p e l l a n t  

c a r t r i d g e  w a s  e s t a b l i s h e d  t o  b e  28.20 i n .  (71.6 cm) O.D .  by 10.20 i n .  (25.9 cm) 

I . D .  by 30.70-in. (78.0 cm) long  f o r  a t o t a l  weight  of 1065 + 5  l b  (484 2 2.6 

kgm). For  t h e  3 .5  i n .  (8 .89 cm) n o z z l e  t h r o a t  d iamete r ,  t h e  motor was ca lcu-  

l a t e d  t o  have a  web a c t i o n  t i m e  of  25.78 s e c  w i t h  an  average p r e s s u r e  of 

603 p s i a  (4.15 M N / ~ ~ ) .  The p r e d i c t e d  p ressure - t ime  curve  i s  shown i n  F i g u r e  
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111. Motor and Nozzle Design (cont)  

C. NOZZLE DESIGN 

The b a s i c  nozzle  design is  shown i n  Figure 111-4. It i s  a  

four-piece assembly cons i s t i ng  of a  convergent en t rance  cap, a  t h r o a t  i n s e r t ,  

and a  d ivergent  e x i t  cone, a l l  contained i n  a  s t e e l  nozzle  s h e l l ,  The t h r o a t  

and a f t  po r t i on  of t h e  en t rance  cap a r e  contoured t o  a  rad ius  of 3.5 i n .  

(8.9 cm) and t h e  e x i t  cone has a  half-angle of 17.5 degrees. 

a.  Abla t ive  P a r t s  

The en t rance  cap, Figure 111-5, cons i s t s  of a  forward 

flame l i n e r  of s i l i c a  phenolic  and an a f t  l i n e r  of carbon phenolic ,  wi th  t h e  

f a b r i c  p l i e s  o r i en t ed  80 degrees t o  t h e  nozzle  cen te r l i ne .  The flame l i n e r s  

a r e  overwrapped wi th  s i l i c a  phenolic  o r i en t ed  p a r a l l e l  t o  the  o u t e r  s u r f a c e  

of t h e  flame l i n e r s .  

The t h r o a t  i n s e r t ,  F igure  111-6, i s  carbon phenolic  wi th  

f a b r i c  p l i e s  o r i en t ed  45 degrees t o  the  nozz le  c e n t e r l i n e ,  ove r l a id  wi th  s i l i c a  

phenolic  wrapped p a r a l l e l  t o  t he  ou te r  su r f ace ,  

The e x i t  cane, Figure 111-7, c o n s i s t s  of a  forward flame 

l i n e r  of carbon phenolic  and an a f t  l i n e r  of s i l i c a  phenolic,  wi th  t he  p l i e s  

o r i e n t e d  p a r a l l e l  t o  t h e  nozzle  c e n t e r l i n e ,  The flame l i n e r s  a r e  overwrapped 

wi th  s i l i c a  phenolic  o r i en t ed  p a r a l l e l  t o  t h e  ou te r  su r f ace  of t he  flame l i n e r s ,  

b e  Nozzle S h e l l  

The a b l a t i v e  nozzle  components were supported by a  

hardened s t e e l  s h e l l  designed t o  withstand a maximum pressure  of 750 p s i a  
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1 1 I . C .  Nozzle Design (con t )  

(5.16 M N / ~ ~ ) .  Attachment of t h e  n o z z l e  s h e l l  t o  t h e  a f t  c l o s u r e  is  e f f e c t e d  

by f l a t  s p i r a l  r i n g s  ( S p i r a l o x  RRT-950). P r o p e l l a n t  gas  l eakage  between t h e  

n o z z l e  s h e l l  and chamber a f t  c l o s u r e  i s  preven ted  by an  O-ring s e a l  l o c a t e d  

forward of t h e  s p i r a l  l o c k i n g  groove i n  t h e  c l o s u r e .  

c .  Nozzle Assembly 

The n o z z l e  t e s t  components a r e  d r y - f i t t e d  p r i o r  t o  bond- 

i n g  i n t o  t h e  n o z z l e  s h e l l .  Bonding i s  accomplished w i t h  a  room-temperature 

c u r i n g  epoxy adhes ive .  A l l  j o i n t s  between a b l a t i v e  components a r e  f i l l e d  

w i t h  a  room-temperature v u l c a n i z i n g  rubber .  

2. Nozzle Design J u s t i f i c a t i o n  

The f o l l o w i n g  paragraphs  summarize t h e  r e s u l t s  of a n a l y s e s  

conducted t o  v e r i f y  t h e  a b l a t i v e  and s t r u c t u r a l  adequacy of t h e  b a s i c  n o z z l e  

des ign .  The a n a l y t i c a l  t echn iques  a r e  d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  V I ,  

" F a i l u r e  Ana lys i s .  " 

a .  A b l a t i v e  Ana lys i s  

The l o c a l  convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t s  a long 

t h e  n o z z l e  contour  are shown i n  F i g u r e  111-8. The d a t a  were genera ted  by t h e  

boundary l a y e r  growth method (Aero je t  Computer Program E-25202) f o r  ANB-3066 
2 

p r o p e l l a n t  and an  a r b i t r a r i l y  s e l e c t e d  chamber p r e s s u r e  of 500 p s i a  (4.44 MN/m ) .  

The maximum h e a t  t r a n s f e r  c o e f f i c i e n t  occur red  s l i g h t l y  upstream of t h e  t h r o a t  
2 

( ~ = 1 . 0 2 5 )  and was 1715 B t u / f t  -hr-OF. At t h e  geomet r ic  t h r o a t ,  t h e  l o c a l  
2 v a l u e  was 1650 B t u / f t  -hr-OF. S ince  t h e  p r e d i c t e d  v a l u e  v a r i e s  dur ing  t h e  

f i r i n g  i n  accordance w i t h  F i g u r e  111-3, t h e  d a t a  of F igure  I I i - 8  were c o r r e c t e d  

t o  account  f o r  t h i s  v a r i a t i o n  accord ing  t o  t h e  fo l lowing  schedu le :  
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111. C.  Nozzle Design (con t )  

Time 

0  

5  

10 

1 5  

20 

25.5 

26.2 

Chamber P r e s s u r e ,  

550 (3.79) 

605 (4.17) 

625 (4.30) 

120 (4.27) 

590 (4.06) 

525 (3.62) 

ambient 

Heat T r a n s f e r  Factor* 

1 . 0 8  

1.16 

1.19 

1 . 1 8  

1 .14 

1 .04 

*Rat io  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  g iven  
2  chamber p r e s s u r e  t o  v a l u e  a t  500 p s i a  (3.45 MN/m ) 

For  t h e  above c o n d i t i o n s ,  f i v e  s e p a r a t e  s t a t i o n s  were 

i n v e s t i g a t e d  t o  e v a l u a t e  t h e  e x t e n t  of s u r f a c e  r e g r e s s i o n ,  c h a r  dep th  forma- 

t i o n ,  and h e a t  p e n e t r a t i o n  w i t h i n  t h e  n o z z l e ,  us ing  a  c h a r r i n g - a b l a t i o n  

program (AGC-8096). The r e s u l t s  of t h e  thermal  response  c a l c u l a t i o n s  f o r  

t h e  f i v e  s e l e c t e d  s t a t i o n s  are shown i n  Tab le  111-1 and F i g u r e  111-9. The 

g r e a t e s t  r e g r e s s i o n  occur red  upstream of t h e  t h r o a t  and was p r e d i c t e d  t o  b e  

0.398 i n . ( l . O l  crn), an  average  r a t e  of 15.6  m i l s / s e c .  The t h r o a t  r e g r e s s i o n  

was p r e d i c t e d  t o  b e  0.275 i n .  (0.070 cm) o r  16.7 m f l s / s e c  and t h e  char dep th  

subsequent  t o  h e a t  s o a k  was e s t i m a t e d  t o  b e  a n  a d d i t i o n a l  0.285 i n .  (0.072 cm) 

f o r  a t o t a l  dep th  of 0.560 i n .  (1.42 cm) from t h e  o r i g i n a l  contour .  F i g u r e  

111-10 shows t h e  p r e d i c t e d  r e g r e s s i o n  and char  dep ths  a t  t h e  t h r o a t .  The 

r e s u l t s  i n d i c a t e  t h a t  t h e  b a s i c  d e s i g n  i s  the rmal ly  adequa te  and t h a t  a l l  

i n t e r f a c e s  between f lame l i n e r s  and o v e m r a p  i n s u l a t i o n  w i l l  remain v i r g i n  

composite.  

b.  S t r e s s  Ana lys i s  

S t r a i n  i n  t h e  f lame l i n e r s  and i n s u l a t i o n  overwraps was 

ana lyzed  by f i n i t e  e lement  techniques, u s i n g  t h e  t empera tu re  d i s t r i b u t i o n s  
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111. C .  Nozzle Design ( c o n t )  

developed i n  t h e  the rmal  a n a l y s i s .  S t r u c t u r a l  a n a l y s i s  w a s  performed us ing  

Aeroje t -General  Corpora t ion  Computer Program E-11405, a n  e l a s t i c  a n a l y s i s  t h a t  

i s  a p p l i c a b l e  t o  t h i n  wa l led  s t r u c t u r e s .  Computer r u n s  were made f o r  t h e  

c o n d i t i o n s  0 ,  1, 12 and 25 s e c  a f t e r  f i r e s w i t c h .  The r e s u l t s ,  shown i n  

Tab le  1 1 1 - 2 ,  i n d i c a t e  t h a t  maximum s t r a i n s  occur red  a t  25 s e c  a f t e r  f i r e s w i t c h  

and were l e s s  than  h a l f  t h e  r e q u i r e d  maximum s t r a i n  of 0.0015 i n . / i n .  

D. TEST MATRIX 

I d e n t i f i c a t i o n  of t h e  d i s c r e p a n c i e s  which cause  f a i l u r e s  i n  

r e i n f o r c e d  a b l a t i v e  p l a s t i c  n o z z l e  components i s  l a r g e l y  a m a t t e r  of h i s t o r i c a l  

obse rva t ion .  One of t h e  most r e c e n t  complete r e c o r d s  was assembled dur ing 

f a b r i c a t i o n  of t h e  260-in.-dia motor n o z z l e s  (References  1 through 3 ) .  D i s -  

c r e p a n c i e s  observed  i n  t h e s e  n o z z l e s ,  as w e l l  as i n  o t h e r  programs (References  

4 through 10) a r e  l i s t e d  i n  Table  111-3 i n  t h e i r  r e l a t i v e  o r d e r  of importance 

i n  i n i t i a t i n g  a b l a t i v e  and s t r u c t u r a l  f a i l u r e s .  The l i s t e d  d i s c r e p a n c i e s  

were i n c o r p o r a t e d  i n  a t e s t  m a t r i x  of 20 n o z z l e  assembl ies  a s  summarized i n  

Tab le  111-4. The b a s e s  f o r  s e l e c t i o n  a r e  d e s c r i b e d  i n  t h e  fo l lowing  paragraphs .  

1. B a s e l i n e  Nozzle 

Flame l i n e r s  and overwrap i n s u l a t i o n  f o r  two b a s e l i n e  n o z z l e s  

were programed t o  b e  f a b r i c a t e d  by tape-wrapping t echn iques ,  fo l lowed by hydro- 
2 c l a v e  c u r i n g  a t  a p r e s s u r e  of 1000 - + 50 p s i g  (6.89 - + 0.30 tfN/m ) t o  y i e l d  a 

maximum v o l a t i l e  c o n t e n t  of 3 p e r c e n t  and a minimum d e n s i t y  i n  t h e  carbon 

composite of 87.4 l b / c u  f t  (1.40 gm/cc), and i n  t h e  s i l i c a  composite of 107.3 

l b / c u  f t  (1.72 gm/cc). 
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1 I I . D .  T e s t  Mat r ix  (con t )  

The e f f e c t s  of d e n s i t y  v a r i a t i o n s  on t h e  r e g r e s s i o n  r a t e s  of 

a b l a t i v e  p l a s t i c s  have been wide ly  recognized  and composite and char  d e n s i t i e s  

a r e  impor tan t  i n p u t s  t o  t h e  a n a l y t i c a l  a b l a t i o n  program. S t r u c t u r a l  proper- 

t ies a r e  a l s o  a f f e c t e d  by d e n s i t y  v a r i a t i o n s .  Accordingly ,  t h r e e  l e v e l s  of 

d e n s i t y  were  s e l e c t e d  f o r  e v a l u a t i o n  i n  o r d e r  of i n c r e a s i n g  s e v e r i t y  a s  fo l lows :  

a. 100 p e r c e n t  ( b a s e l i n e )  

b. 80 t o  90 p e r c e n t  

c .  70 t o  80 p e r c e n t  

3.  Resin  Content V a r i a t i o n s  

V a r i a t i o n s  i n  r e s i n  c o n t e n t  caused by r e s i n - r i c h  and r e s i n -  

s t a r v e d  a r e a s  i n  t h e  composite produce changes i n  t h e  r e g r e s s i o n  and char  

rates. The t o t a l  e f f e c t  on performance depends on t h e  s u r f a c e  area t h a t  i s  

a f f e c t e d .  Accordingly ,  f o u r  l e v e l s  of r e s i n  c o n t e n t  v a r i a t i o n  were s e l e c t e d  

f o r  e v a l u a t i o n :  

a. None ( b a s e l i n e )  

b. Res in - r i ch  (10 p l i e s )  

c. Res in - r i ch  (20 p l i e s )  

d,  Res in -s ta rved  (10 p l i e s )  

4 ,  V o l a t i l e  Content  V a r i a t i o n g  

The e f f e c t s  of v o l a t i l e  c o n t e n t  v a r i a t i o n s  a r e  n o t  w e l l  docu- 

mented, Excess ive  v o l a t i l e  c o n t e n t  h a s  been s u s p e c t e d  o f  c o n t r i b u t i n g  t o  

s u r f a c e  s p a l l i n g  and chunking and v o l a t i l e  l i m i t s  f o r  l a r g e  a b l a t i v e  n o z z l e  
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1II.D. T e s t  Mat r ix  ( c o n t )  

components have been a r b i t r a r i l y  s e t  a t  3 p e r c e n t  maximum t o  avoid  such  

e f f e c t s .  Three l e v e l s  of i n c r e a s i n g  v o l a t i l e  c o n t e n t  were programed f o r  

e v a l u a t i o n :  

a. 3 p e r c e n t  ( b a s e l i n e )  

b. 6 p e r c e n t  

c.  9 p e r c e n t  

5. P r o c e s s i n g  Cycle  V a r i a t i o n s  

V a r i a t i o n s  i n  p r o c e s s i n g  of a b l a t i v e  n o z z l e s  have occur red  

p r i m a r i l y  dur ing  t h e  c u r e  c y c l e ,  a s  a r e s u l t  of equipment o r  p r e s s u r e  bag 

mal func t ions .  Three  c y c l e  v a r i a t i o n s  were programed: 

a ,  Loss of t empera tu re  d u r i n g  debulk phase of f i n a l  c u r e .  

b.  Bag l eakage  dur ing  debulk cyc le .  

c.  Bag l eakage  dur ing  f i n a l  c u r e  c y c l e .  

I n  a d d i t i o n ,  because  of t h e  need t o  v e r i f y  t h e  e f f e c t s  of 

reduced c u r e  p r e s s u r e s ,  t h e  fo l lowing  were programed f o r  e v a l u a t i o n :  

a .  Vacuum c u r e  (27 i n .  Hg) (68.6 cmHg) 
2  

b. Autoclave c u r e  (125 p s i g )  (0.86 MN/m ) 

6.  Delaminat ions  

The a v a i l a b l e  d a t a  on de lamina t ions  ( s e p a r a t i o n s  between 

p l i e s )  i n d i c a t e d  t h a t  w h i l e  t h e r e  was a n  e f f e c t  on b o t h  t h e  thermal  s t r e s s  

d i s t r i b u t i o n  and t h e  r e g r e s s i o n  r a t e ,  i t  was a c r i t i c a l  d i sc repancy  o n l y  when 

a  f r e e - s t a n d i n g  f lame l i n e r  was used.  I n  g e n e r a l ,  overwrap i n s u l a t i o n s  
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I I I , D .  Tes t  Matr ix  (cont )  

prevented f a i l u r e  of t h e  assembly, Since t h e  primary e f f e c t  was a reduc t ion  

of s t r u c t u r a l  c a p a b i l i t y ,  delaminat ions were eva lua ted  by varying t h e  t o t a l  

ex ten t :  

a .  7 p l i e s  

b. 14 p l i e s  

c. 2 8 p l i e s  

7. Wrinkles 

Local ized depa r tu re s  of t h e  f a b r i c  p l i e s  from t h e  des i r ed  

o r i e n t a t i o n  a s  evidenced by wrinkled o r  fo lded  p l i e s  i n f luence  bo th  t he  

a b l a t i v e  and s t r u c t u r a l  performance because of t h e  e f f e c t  on t h e  thermal con- 

d u c t i v i t y  and thermal s t r e s s  d i s t r i b u t i o n .  Wrinkles were programed f o r  evalu- 

a t i o n  a t  t h r e e  l e v e l s  of i nc reas ing  s e v e r i t y .  

a .  0,125-in. h igh  x 1-in.  ampli tude 

b. 0.25-in. h igh  x 1.5-in,  amplitude 

c .  0.375-in. high x 1.5- in .  amplitude 

8. Bandline Discrepancies  

Incomplete bonding between t h e  a b l a t i v e  nozz le  components and 

t h e  s t r u c t u r a l  s h e l l  e x e r t s  a s t r u c t u r a l  e f f e c t  because of abnormal p re s su re  

load ings  o r  burnthrough of t h e  s h e l l .  I n  t h i s  program, bondl ine s epa ra t i ons  

were introduced i n  amounts varying from 0 t o  60 percent  of t h e  bonding a r ea .  

Densi ty ,  v o l a t i l e  can t en t  and processlng cyc le  v a r i a t i o n s  

a f f e c t e d  t he  e n t i r e  component, Resin conten t  v a r i a t i o n s ,  delaminat ions,  and 
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1 1 I . D .  Tes t  Matrix (cont)  

wrinkles  were introduced l o c a l l y  i n  t he  nozz le  flame l i n e r s  a s  shown i n  

Figure 111-11. Using t h i s  placement, t he  performance a t  each of t he  loca t ions  

could be evaluated without  i n t e r f e rence  from the  upstream discrepancies .  
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Local Radius 

Station No. in. (cm) - - 

Table 111-1 

Regression and Char Depths i n  Basic  Nozzle 

Heat Transfer Coefficient 

a t  500 lbf/ in.2 abs (3447 n/rnm2 abs) Regression Depth 

~ t u / f t ~ h r  O F  ( w/m2k) - in. (mm) 

Char ~ e ~ t h *  

in. ( m m )  - - 

=E 
Measured from original surface 40 sec a f t e r  f i r e  switch. 
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TABLE 111-3 

RELATIVE ORDER OF IMPORTANCE OF 
ABLATIVE NOZZLE DISCREPANCIES 

Abl ation 

Dens i ty Delaminations 

Resin Content Wrinkles 

Volatile Content Dens i ty 

Processing Cycle Variations Processing Cycle Variations 

Delaminations Vol ati 1 e Content 

Bond Line Discrepancies 
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TABLE 111-4 

MATRIX OF DISCREPANT NOZZLES 

Discrepancy 

None 

Density 

Volati 1 e Content 

Processi ng Cycle 

Resin Con ten t  

Del aminations 

Wrinkles 

Level or  Description 

Base1 i ne 

Base1 i ne 

80 t o  90 percent 

70 t o  80 percent 

6 percent 

9 percent 

Temperature loss ,  debulk phase of cure 

Bag leakage, debulk cycle 

Bag leakage, f ina l  cure 

Vacuum bag cure 

Autoclave cure 

Resin-rich, 10 p l i es  

Resin-rich, 20 p l ies  

Res i n-s tarved, 10 pl i e s  

7 p l i es  

14 p l i es  

28 p l i es  
0.125 in .  high by 1 .0  i n .  spacing 

0.25 in .  high by 1 .5  i n .  spacing 

0.375 i n .  high by 1.5 i n .  spacing 
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F igu re  ITI-1 
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F igu re  111-2 
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F i g u r e  111-3 
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F i g u r e  111-4 



F i g u r e  111-5 
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Figure hhE-8 
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F i g u r e  111-10 
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I V  , DISCREPANT NOZZLES 

A .  FABRICATION 

The molding t a p e  used i n  t h e  f a b r i c a t i o n  of a b l a t i v e  nozzle  compon- 

e n t s  is manufactured by impregnating a  f a b r i c  o r  mat wi th  a  s e l e c t e d  p l a s t i c  

r e s i n  t h a t  has  been d i l u t e d  wi th  a  compatible so lven t .  Powdered f i l l e r s  such 

a s  carbon o r  s i l i c a  o r  hollow spheres  (microballoons) of s i l i c a  o r  r e s i n  may 

be  added t o  t h e  r e s i n  mix. The impregnated f a b r i c  o r  mat i s  then passed 

through temperature-control led towers t o  remove the  so lven t  and t o  polymerize 

t he  r e s i n  t o  some in te rmedia te  s t a g e  of advancement s u i t a b l e  f o r  handling any 

f u r t h e r  f a b r i c a t i o n .  The m a t e r i a l -  now c a l l e d  prepreg - i s  then s l i t  i n t o  

broadgoods and t apes  and shipped t o  t h e  component f a b r i c a t o r .  

Fab r i ca t i on  of high performance nozzle  components i s  gene ra l l y  

accomplished by wrapping t h e  prepreg t apes  on a  meta l  mandrel wi th  t he  f a b r i c  

p l i e s  o r i en t ed  a t  some des i r ed  ang le  t o  t h e  flame s u r f a c e  of t he  p a r t .  To 

improve t h e  thermal p rope r t i e s  and decrease  a x i a l  and t a n g e n t i a l  thermal 

s t r e s s e s ,  i t  would be  d e s i r a b l e  t o  o r i e n t  t h e  p l i e s  of flame l i n e r s  p a r a l l e l  

t o  t h e  flame s u r f a c e s  o r  a s  c l o s e  t h e r e t o  a s  pos s ib l e .  I n  a c t u a l  a p p l i c a t i o n ,  

a compromise p l y  o r i e n t a t i o n  is s e l e c t e d  f o r  mechanical r e t e n t i o n  of each p l y  

and f o r  s i m p l i c i t y  i n  f a b r i c a t i o n .  Wrapped nozz le  componen'ts i n  t h e  en t rance  

and t h r o a t  s e c t i o n s  have p ly  o r i e n t a t i o n s  gene ra l l y  c l o s e  t o  45 degrees t o  t h e  

flame su r f ace ,  whi le  components i n  t h e  e x i t  s e c t i o n  have t h e  p l i e s  a l i gned  

p a r a l l e l  t o  t h e  nozz le  c e n t e r l i n e .  The h igh ly  o r i en t ed  wraps r e q u i r e  t h e  use 

of a  b i a s - f a b r i c  t ape  t o  produce t h e  r equ i r ed  deformation and compaction during 

wrapping; t h e  p a r a l l e l  wraps have s t r a i g h t  t apes .  

Wrapping may be  performed i n  e i t h e r  t he  h o r i z o n t a l  o r  v e r t i c a l  

pos i t i ons .  During wrapping, which i s  i l l u s t r a t e d  schemat ica l ly  i n  F igure  I V - 1 ,  

t h e  prepreg t ape  i s  heated p r i o r  t o  lay-up, using h o t  a i r  j e t s  o r  r a d i a n t  

hea t e r s .  This  s o f t e n s  t h e  r e s i n  t o  provide f o r  i n t e r p l y  bonding and makes t h e  
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1V.A.  F a b r i c a t i o n  ( c o n t )  

p repreg  more formable  under t h e  p r e s s u r e  r o l l e r s .  The t a p e  temperature ,  

r o l l e r  p r e s s u r e  and mandrel  r o t a t i o n  dur ing  wrapping a r e  c o n t r o l l e d  w i t h i n  

narrow l i m i t s  and t h e  t empera tu re  of t h e  wrapped preform i s  a l s o  c o n t r o l l e d .  

A f t e r  t h e  n o z z l e  preform h a s  been wrapped, i t  is  covered w i t h  a  

porous f a b r i c  ("bleeder  c l o t h " ) ,  enveloped i n  an  impervious bag ( u s u a l l y  

b u t y l  r u b b e r )  and cured  by one of two a l t e r n a t i v e  p rocedures .  I f  t h e  f lame 

l i n e r  is  t o  b e  overwrapped w i t h  ano ther  p repreg  m a t e r i a l  of h i g h e r  thermal  

i n s u l a t i n g  v a l u e ,  t h e  preform is  debulked ( p a r t i a l l y  cured a t  f u l l  p r e s s u r e  

and t empera tu re  between 165 and 180°F) s o  t h a t  a  r e g u l a r  s u r f a c e  may b e  

machined t o  a c c e p t  t h e  overwrap. I f  t h e  f l ame  l i n e r  i s  n o t  t o  be  overwrapped, 

t h e  preform is  f u l l y  cured  a t  f u l l  p r e s s u r e  and t h e  r e q u i r e d  r e s i n  polymeriza- 

t i o n  temperature .  During debulking and c u r i n g ,  a vacuum is  mainta ined i n  t h e  

enveloping bag and t h e  po lymer iza t ion  r e a c t i o n  p roduc t s  a r e  drawn of f  through 

t h e  b l e e d e r  c l o t h .  

P r e s s u r i z a t i o n  may b e  a p p l i e d  dur ing  debu lk ing  and cur ing  by one 

of several methods. Hydroclaves ,  u s i n g  wate r  p r e s s u r e s  of up t o  1000 p s i ;  
2  

a u t o c l a v e s ,  u s i n g  gas  p r e s s u r e s  of up t o  350 p s i  ( 2 . 4 1 ~ ~ 1 m  ); and nylon s h r i n k  
2 t a p e s  e x e r t i n g  hoop t e n s i o n s  between 75 (0.516) and 150 p s i  (1 .03 M N / ~  ) have 

a l l  been used.  Vacuum bag p r e s s u r i z a t i o n  h a s  a l s o  been used. 

1. M a t e r i a l s  f o r  T e s t  Nozzles 

MX-4926 and MX-2600 prepreg  m a t e r i a l s ,  s u p p l i e d  by t h e  

F i b e r i t e  Corpora t ion  (Winona, Minn.) were used t o  f a b r i c a t e  t h e  t e s t  n o z z l e  

components. MX-4926 is  a carbon f a b r i c  impregnated w i t h  SC-1008 phenol ic  

r e s i n  (Monsanto) f i l l e d  w i t h  carbon powder. MX-2600 i s  a  C-100-48 s i l i c a  

f a b r i c  impregnated w i t h  SC-1008 r e s i n  f i l l e d  w i t h  s i l i c a  powder. The proper-  

t i e s  of t h e  p repreg  m a t e r i a l s  used i n  f a b r i c a t i n g  t h e  t e s t  n o z z l e s  a r e  shown 

i n  T a b l e  I V - 1 ,  a s  r e p o r t e d  by F i b e r i t e .  
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1 V . A .  F a b r i c a t i o n  (con t )  

I n  g e n e r a l ,  t h e  wrapping,  debu lk ing ,  and c u r i n g  p rocedures  

used t o  f a b r i c a t e  t h e  t e s t  n o z z l e  components were as no ted  i n  Table  IV-2, 

Depar tu res  from t h e  g e n e r a l  p rocedure  were  made t o  i n t r o d u c e  i n d i v i d u a l  d i s -  

c r e p a n c i e s .  Methods of i n t r o d u c i n g  d i s c r e p a n c i e s  and d e p a r t u r e s  from t h e  

g e n e r a l  procedure  a r e  d e s c r i b e d  below: 

a .  B a s e l i n e  

No d i s c r e p a n c i e s  were i n t r o d u c e d  dur ing  f a b r i c a t i o n  and 

no d e p a r t u r e s  from t h e  g e n e r a l  p rocedures  occur red .  

b.  Dens i ty  V a r i a t i o n s  

Dens i ty  v a r i a t i o n s  were produced by reducing t h e  c u r e  

p r e s s u r e s  and /or  r o l l e r  p r e s s u r e s  d u r i n g  wrapping. The 80 t o  90 p e r c e n t  dense  

components were wrapped a t  f u l l  r o l l e r  p r e s s u r e s  and cured under a vacuum 

p r e s s u r e  of 26 i n .  Ng (61 cm Hg); t h e  70 t o  80 p e r c e n t  dense  components were  

wrapped a t  one-half t h e  b a s i c  r o l l e r  p r e s s u r e s  and cured under a vacuum pres -  

s u r e  o f  26 i n .  Hg ( 6 1  cm Hg). 

c.  Resin  Content  V a r i a t i o n s  

Wafers of semicured (190°F, 60 min.)  r e s i n  3- in , (7 ,62 cm)- 

long by one p l y  w i d t h  weighing approximately  one gram were i n t r o d u c e d  between 

t h e  p l i e s  o f  t h e  carbon and s i l i c a  p r e p r e g s  t o  produce t h e  r e s i n - r i c h  d i s c r e p -  

a n c i e s .  The r e s i n - s t a r v e d  d i sc repancy  was produced by i n t r o d u c i n g  p i e c e s  of 

carbon o r  s i l i c a  p repreg  3- in , (7 .62 em)-long by one p l y  wid th  from which t h e  

r e s i n  had been removed by immersion i n  a c e t o n e ,  A l l  wrapping, debu lk ing ,  and 

c u r i n g  p rocedures  confomed  t o  t h e  g e n e r a l  p rocedures .  
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1 V . A .  F a b r i c a t i o n  ( c o n t )  

d. V o l a t i l e  Content  V a r i a t i o n s  

V o l a t i l e  c o n t e n t  v a r i a t i o n s  were produced by exposing 

t h e  p r e p r e g s  i n  covered c o n t a i n e r s  c o n t a i n i n g  i sopropanol .  The p repregs  f o r  

t h e  6  p e r c e n t  v o l a t i l e  c o n t e n t  p a r t s  were exposed f o r  20 hours ;  t h o s e  f o r  t h e  

9 p e r c e n t  v o l a t i l e  c o n t e n t  p a r t s  were exposed f o r  46 hours .  I n  a d d i t i o n ,  t h e  

t a p e  t empera tu re  dur ing  wrapping w a s  reduced t o  150°F, t h e  f lame l i n e r s  were 

n o t  debulked p r i o r  t o  t h e  f i n a l  c u r e ,  no vacuum was drawn dur ing  c u r e ,  and t h e  

c u r e  t empera tu re  was reduced t o  280 t o  300°F. 

e .  P r o c e s s i n g  Cycle V a r i a t i o n s  

(1)  Temperature Loss During Debulk Phase of Curing 

To s i m u l a t e  equipment mal func t ion  dur ing hydroclave 

c u r i n g ,  t h e  debulk phase  was suspended a f t e r  t h e  p a r t  t empera tu re  had reached 
2  

175OF and t h e  hydroc lave  p r e s s u r e  200 p s i g  (1.38MNlm ) .  A f t e r  a  four-hour 

ho ld  ( t o  r e p l a c e  h e a t i n g  e lements )  dur ing  which t ime t h e  p a r t  temperature  

dropped t o  160°F and vacuum p r e s s u r e  w a s  main ta ined  a t  27 i n .  (68.6 cm), t h e  

c u r e  c y c l e  was cont inued i n  accordance w i t h  t h e  g e n e r a l  procedure .  

(2) Bag Leakage During Debulk Cycle  

Bag leakage  was s imula ted  by i n t r o d u c i n g  a  wa te r  

l i n e  i n t o  t h e  bagged p a r t .  A f t e r  t h e  p a r t  t empera tu re  had reached 175OF and 
L 

t h e  hydroc lave  p r e s s u r e  1000 (6.89 MN/m ) p s i g  , w a t e r  was in t roduced  i n t o  t h e  

bag. Debulking was con t inued  w h i l e  t h e  wa te r  was in t roduced .  The flame l i n e r  

was t h e n  overwrapped and cured i n  accordance w i t h  t h e  g e n e r a l  procedure .  
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1V.A.  Fab r i ca t i on  (cont)  

(3) Bag Leakage During F i n a l  Cure Cycle 

I n  t h i s  v a r i a t i o n ,  t he  flame l i n e r s  were wrapped 

and debulked i n  accordance wi th  t he  gene ra l  procedures.  The overwrap was 

app l i ed  and t h e  p a r t  enveloped i n  a rubber  bag. Water was introduced i n t o  
2 

t h e  bag a t  t h e  f u l l  hydroclave p re s su re  of 1000 ps ig  (6.89 M N / ~  ) a f t e r  t h e  

p a r t  temperature  had reached 300°F. Curing was completed i n  t h e  wa te r - f i l l ed  

bag. 

(4) Vacuum Cure 

I n  t h i s  v a r i a t i o n ,  t h e  flame l i n e r s  and overwraps 

were f a b r i c a t e d  using normal wrapping procedures.  During debulking and f i n a l  

cur ing ,  however, a maximum vacuum p re s su re  of 27 i n .  (68.6 cm) Hg was appl ied .  

(5) Autoclave Cure 

The flame l i n e r s  and overwraps were f a b r i c a t e d  

using normal wrapping procedures.  During debulking and f i n a l  cur ing  a maximum 
2 

pres su re  of 120 t o  135 ps ig  (0.826 t o  0 .93 MN/m ) was appl ied .  

f .  Delaminations 

Ply s epa ra t i ons  were introduced by p lac ing  wafers  of 

Teflon 3-in.(7.62 cm)-long by one p l y  width by 0,005-in.(0.013 cm)-thick 

between t h e  p l i e s  of t h e  carbon and s i l i c a  prepreg during wrapping of t h e  

flame l i n e r s .  The Teflon wafers  were l e f t  i n  t h e  t e s t  nozz le  components. 
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1V.A.  F a b r i c a t i o n  ( c o n t )  

g.  Wrinkles  

Wrinkles  were i n t r o d u c e d  by p l a c i n g  carbon o r  s i l i c a  

composi te  r o d s  of t h e  r e q u i r e d  d iamete r  and spac ing  between t h e  p l i e s  o f  

p repreg  d u r i n g  wrapping.  The r o d s  were cured  i n  p l a c e  and l e f t  i n  t h e  test 

n o z z l e  components. 

h. Bond Line  Disc repanc ies  

Bond l i n e  s e p a r a t i o n s  were in t roduced  on ly  between t h e  

n o z z l e  s u p p o r t  s h e l l  and t h e  e x i t  cone. Small  d i scon t inuous  v o i d s  w e r e  pro- 

duced by i n s e r t i n g  T e f l o n  p a t c h e s ;  l a r g e ,  cont inuous  a r e a s  of unbonding were 

produced by app ly ing  a d h e s i v e  on ly  t o  c e r t a i n  a r e a s  o f  t h e  s h e l l  and e x i t  cone. 

F i g u r e  IV-2 i l l u s t r a t e s  t h e  procedures .  

B. PROPERTIES 

S i n c e  t h e  i n t r o d u c e d  d i s c r e p a n c i e s  were expected t o  i n f l u e n c e  t h e  

s t r u c t u r a l  and a b l a t i v e  performances o f  t h e  n o z z l e  components, b o t h  mechanical  

and p h y s i c a l  p r o p e r t i e s  were determined. To permi t  t h e  p r o p e r t i e s  t o  r e f l e c t  

a s  c l o s e l y  a s  p o s s i b l e  t h e  a c t u a l  e f f e c t s  of t h e  d i s c r e p a n c i e s ,  d u p l i c a t e  sets 

of f lame l i n e r s  were f a b r i c a t e d  c o n c u r r e n t l y  w i t h  t h e  t e s t  n o z z l e  components. 

Specimens were machined from t h e s e  d u p l i c a t e  f lame l i n e r s  a t  t h e  d i sc repancy  

l o c a t i o n s  (wi th  t h e  e x c e p t i o n  t h a t  no specimens could  be  machined from t h e  

de lamina ted  a r e a s )  and t e s t e d  i n  accordance w i t h  t h e  fo l lowing  procedures .  

1. D e n s i t y  

Dens i ty  was determined u s i n g  t h e  weight-volume procedure  o f  

F e d e r a l  T e s t  Method S tandard  (FTMS) 406, Method 5012. The r e s u l t s  a r e  shown 
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I V .  B . P r o p e r t i e s  (con t )  

i n  Tab le  I V - 3 .  I n  g e n e r a l ,  t h e  hydrocbave-cured components had a  d e n s i t y  of 

89.9 1 b / c u  f t  (1.44 gm/cc) f o r  t h e  MX-4926 composites and 109.8 l b / c u  f t  (1.76 

gm/cc) f o r  t h e  MX-2600. Minor d i f f e r e n c e s  from t h e s e  v a l u e s  were observed i n  

specimens t aken  from t h e  s i l i c a  f lame l i n e r s  of h i g h  v o l a t i l e  c o n t e n t  and one of 

t h o s e  w i t h  r e s i n - r i c h  a r e a s  (105.5 t o  106 .1  l b / c u  f t  o r  1 .69  t o  1.702 gm/cc),  

Major d i f f e r e n c e s  were observed i n  specimens taken from t h e  carbon and s i l i c a  

f lame l i n e r s  cured by vacuum p r e s s u r i z a t i o n  (MX-4926 = 65.6 t o  84.3 l b / c u  f t  

(1.05 t o  1 .35 grn/cc) and MX-2600 = 87.4 t o  104.7 l b / c u  f t  (1 .4  t o  1 . 6 8  gm/cc) . 
The f l ame  l i n e r s  cured  by a u t o c l a v e  p r e s s u r i z a t i o n  had d e n s i t i e s  e q u a l  t o  

t h o s e  o f  t h e  hydroc lave  cured  l i n e r s ,  i n d i c a t i n g  t h a t  t h e  c r i t i c a l  c u r e  p res -  
2 

s u r e  t o  a t t a i n  f u l l  d e n s i t y  was l e s s  than  125 p s i g  (0.86 MN/m ) .  

2. V o l a t i l e  Content  

V o l a t i l e  c o n t e n t  was determined by measuring t h e  weight  l o s s  

o f  specimens o f  t h e  v i r g i n  composite exposed i n  an  a i r - r e c i r c u l a t i n g  oven a t  

325 - + 5°F (162.8 - + 2-96)  f o r  4  h o u r s ,  The r e s u l t s  a r e  shown i n  Table  IV-4. 

Genera l ly ,  t h e  v o l a t i l e  c o n t e n t s  were  w e l l  below 3 p e r c e n t .  Of p a r t i c u l a r  

i n t e r e s t  are t h e  r e s u l t s  o b t a i n e d  w i t h  specimens from t h e  components f a b r i -  

c a t e d  w i t h  d e l i b e r a r e l y  i n t r o d u c e d  h i g h  v o l a t i l e  c o n t e n t .  The f i n a l  p roduc t  

d i d  n o t  meet t h e  a i m  p o i n t s  of 6 and 9 p e r c e n t ;  t h e  maximum a t t a i n e d  was 4 .55 

p e r c e n t  i n  t h e  t h r o a t  l i n e r  f a b r i c a t e d  t o  an  a i m  p o i n t  of 6  p e r c e n t ,  

The h i g h e s t  v o l a t i l e  c o n t e n t  (4.62 p e r c e n t )  of any specimen 

was recorded  f o r  t h e  t h r o a t  l i n e r  f a b r i c a t e d  w i t h  bag l eakage  dur ing  t h e  debulk 

c y c l e .  

3 .  Resin  Content  

The r e s i n  c o n t e n t s  of t h e  as-cured M-2600 components were 

determined by t h e  burn-off method, i n  which samples of t h e  cured composite are 
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h e a t e d  i n  a m u f f l e  f u r n a c e  a t  1550 - + 50°F (815.6 t 26.7OC) u n t i l  a  c o n s t a n t  

r e s i d u e  weight  i s  reached.  The method y i e l d e d  r e p r o d u c i b l e  r e s u l t s .  Two 

methods of de te rmin ing  t h e  r e s i n  con ten t  of t h e  as-cured MX-4926 were t r i e d  - 

vacuum p y r o l y s i s  and n i t r i c  a c i d  d i g e s t i o n ;  n e i t h e r  y i e l d e d  r e p r o d u c i b l e  

r e s u l t s .  Accordingly ,  t h e  r e s i n  c o n t e n t  of t h e  MX-4926 flame l i n e r s  was 

e s t i m a t e d  from t h e  i n i t i a l  r e s i n  c o n t e n t  of t h e  p repreg  and t h e  r e l a t i o n s h i p  

observed i n  t h e  MX-2600 m a t e r i a l .  Table  IV-5 shows t h e  measured r e s i n  c o n t e n t s  

of t h e  MX-2600 and e s t i m a t e d  r e s i n  c o n t e n t s  of t h e  MX-4926 components. 

4. Compressive P r o p e r t i e s  

Compressive s t r e n g t h  and modulus were determined a t  room 

and e l e v a t e d  t empera tu res  i n  accordance w i t h  t h e  procedures  of FTMS-406, 

Method 1021. P r i s m a t i c  specimens of s q u a r e  c r o s s - s e c t i o n  were machined from 

t h e  f lame l i n e r s  w i t h  t h e  long ( l o a d i n g )  a x i s  a l i g n e d  p a r a l l e l  t o  t h e  r a d i a l ,  

a x i a l ,  and t a n g e n t i a l  d i r e c t i o n s  of t h e  l i n e r s .  These d i r e c t i o n s  a r e  i l l u s -  

t r a t e d  i n  F i g u r e  IV-3. Consequently,  t h e  f a b r i c  p l i e s ,  excep t  i n  t h e  c a s e s  o f  

t h e  r a d i a l  and a x i a l  specimens t aken  from t h e  e x i t  cone, were a l i g n e d  a t  some 

a c u t e  a n g l e  t o  t h e  d i r e c t i o n  of load ing .  Tab le  IV-6 shows t h e  r e l a t i o n s h i p  

between t h e  specimen l o a d i n g  and t h e  f a b r i c  p l y  o r i e n t a t i o n .  

a.  Room Temperature R e s u l t s  

Tab les  IV-7 and IV-8 show t h e  average  compressive 

s t r e n g t h s  and moduli  o f  specimens t aken  from t h e  flame l i n e r s  and t e s t e d  a t  

75OF (23.g°C). I f  one examines t h e  r e s u l t s  ob ta ined  f o r  t h e  b a s e l i n e  specimens,  

they a r e  r e p r e s e n t a t i v e  of t h e  r e s u l t s  f o r  MX-4926 and MX-2600 composites o f  

comparable p l y  o r i e n t a t i o n s  (Reference l l ) ,  s p e c i f i c a l l y  w i t h  r e g a r d  t o  t h e  

c ross -p ly  ( e x i t  cone,  r a d i a l )  and p a r a l l e l - t o - p l y  ( e x i t  cone, a x i a l )  o r i e n t a -  

t i o n s .  I n  examining t h e  d a t a  on compressive p r o p e r t i e s ,  t h e  fo l lowing  con- 

c l u s i o n s  may be  drawn: 
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(1) The compressive s t r e n g t h  and modulus decreased  a s  

t h e  d e n s i t y  decreased.  F i g u r e  PV-4 shows t h e  change i n  compressive p r o p e r t i e s  

of r a d i a l  t h r o a t  (MX-4926, 45-degree-to-ply) specimens as a f u n c t i o n  of d e n s i t y ,  

u s i n g  t h e  v a l u e s  o b t a i n e d  from f lame l i n e r s  produced w i t h  d e n s i t y  v a r i a t i o n s  

on ly .  The i n c r e a s e d  s p r e a d  i n  s t r e n g t h  v a l u e s  a t  t h e  low d e n s i t i e s  i s  a s s o c i -  

a t e d  w i t h  non-uniform p o r o s i t y .  The same r e l a t i o n s h i p  is  i n d i c a t e d  f o r  t h e  

specimens of MX-4926 and MX-2600 materials t aken  from t h e  o t h e r  components, 

b u t  t h e  number of specimens was i n s u f f i c i e n t  t o  e s t a b l i s h  range l i m i t s .  

(2)  There  were no s i g n i f i c a n t  t r e n d s  t h a t  could  be 

e s t a b l i s h e d  between compress ive  p r o p e r t i e s  and s e v e r i t y  of t h e  remainder of 

t h e  i n t r o d u c e d  d i s c r e p a n c i e s ,  a l t h o u g h  i n  t h e  c a s e  of r e s i n  c o n t e n t ,  v a r i a t i o n s  

i n  t h e  p r o p e r t i e s  peaked a t  i n t e r m e d i a t e  l e v e l s  o f  r e s i n  c o n t e n t  (F igures  IV-5 

and IV-6). 

b. E leva ted  Temperature R e s u l t s  

S e l e c t e d  specimens of MX-4926 and MX-2600 were t e s t e d  t o  

de te rmine  t h e  d e c r e a s e  i n  compressive p r o p e r t i e s  t h a t  r e s u l t e d  from exposure  

to e l e v a t e d  t empera tu res ,  Tab les  EV-9 and IV-10 show t h e  r e s u l t s  t h a t  were 

o b t a i n e d  a t  a test t empera tu re  of 3000°F (1922K) f o r  MX-4926 and a t  2500°F 

(1644K) f o r  E - 2 6 0 0 .  

The specimens were char red  a t  t h e  temperature  of t e s t i n g  

i n  an argon atmosphere and machined s q u a r e  p r i o r  t o  t e s t .  T e s t i n g  was con- 

duc ted  i n  a  g r a p h i t e  f u r n a c e ,  u s i n g  g r a p h i t e  a n v i l s  and push r o d s  t o  app ly  t h e  

l o a d .  An argon atmosphere was main ta ined  dur ing t e s t i n g .  
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Two conc lus ions  may b e  drawn from t h e  d a t a :  

(1) The char red  composi tes ,  p a r t i c u l a r l y  t h e  MX-4926, 

r e t a i n  a s i g n i f i c a n t  p o r t i o n  of t h e i r  compressive p r o p e r t i e s  a t  e l e v a t e d  

temperatures .  

(2) The compressive p r o p e r t i e s  a t  e l e v a t e d  t empera tu re  

va ry  d i r e c t l y  w i t h  t h e  d e n s i t y  of t h e  c h a r .  

5 .  T e n s i l e  P r o p e r t i e s  

The t e n s i l e  s t r e n g t h s  and moduli  of specimens from s e l e c t e d  

flame l i n e r s  were determined t o  v e r i f y  t h e  t r e n d s  observed dur ing  compression 

t e s t i n g .  T e n s i l e  t e s t i n g  was performed a t  room tempera tu re  i n  accordance w i t h  

t h e  p rocedures  of FTMS 406, Method 1011, us ing  t h e  specimen c o n f i g u r a t i o n  of 

F i g u r e  IV-7, 

The r e s u l t s ,  shown i n  Tab les  I V - 1 1  and I V - 1 2 ,  i n d i c a t e  t h a t  

t h e  t e n s i l e  p r o p e r t i e s  d e c r e a s e  as t h e  d e n s i t y  d e c r e a s e s .  

There  was no a v a i l a b l e  d a t a  r e g a r d i n g  t h e  t e n s i l e  s t r e n g t h  

of carbon o r  s i l i c a  r e i n f o r c e d  composites i n  t h e  c ross -p ly  d i r e c t i o n .  Accord- 

i n g l y ,  t e n s i l e  t e s t s  were conducted w i t h  specimens from t h e  MX-4926 t h r o a t  

l i n e r s  i n  which t h e  t e n s i l e  load ing  was a p p l i e d  normal t o  t h e  l a y  of t h e  f a b r i c .  

The r e s u l t s  a r e  shown i n  Tab le  IV-13. Comparing t h e  cross-ply  s t r e n g t h  t o  t h a t  

of t h e  t h r o a t  specimens t e s t e d  i n  t h e  t r a n s v e r s e  o r i e n t a t i o n  (Table I V - l l ) ,  i n  

which t h e  t e s t i n g  d i r e c t i o n  i s  s u b s t a n t i a l l y  p a r a l l e l  t o  t h e  p l i e s ,  i t  appears  

t h a t  a t  f u l l  d e n s i t y ,  t h e  c ross -p ly  s t r e n g t h  is  10% t h a t  of t h e  wi th-ply  v a l u e .  

A t  t h e  lower d e n s i t y ,  t h e  r a t i o  of c ross -p ly  t o  wi th-ply  s t r e n g t h  r i s e s  t o  

approximately  25%. 
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1V.B. P r o p e r t i e s  ( c o n t )  

The s p e c i f i c  h e a t s  of specimens from t h e  flame l i n e r s  were 

determined by t h e  s t a n d a r d  drop-method techn ique  u s i n g  wate r  as t h e  hea t -  

t r a n s f e r  medium. The c a l o r i m e t e r  c o n s i s t e d  of a  Dewar f l a s k  equipped w i t h  a  

c a l i b r a t e d  mercury thermometer and a  f i t t e d  aluminum r e c e i v i n g  cup. An 

e l e c t r i c  m u l t i p l e  t u b e  f u r n a c e  was used t o  h e a t  t h e  specimens t o  t h e  d e s i r e d  

test temperatures .  A s i n g l e  specimen from each f lame l i n e r  was used f o r  each 

series of d e t e r m i n a t i o n s ,  t h e  specimen be ing  h e a t e d  s u c c e s s i v e l y  t o  t h e  temp- 

e r a t u r e s  o f  measurement. The c a l c u l a t e d  s p e c i f i c  h e a t s  a r e  shown i n  Table  IV-14 

Thermal c o n d u c t i v i t i e s  o f  t h e  f lame l i n e r s  were c a l c u l a t e d  

from measured v a l u e s  o f  s p e c i f i c  h e a t ,  d e n s i t y  and the rmal  d i f f u s i v i t y  by 

means of t h e  fo l lowing  r e l a t i o n s h i p :  

(Equat ion 1 )  

a. Thermal Dif f  u s i v i  t y  

The the rmal  d 5 . f f u s i v i t i e s  o f  t h e  f lame l i n e r s  were d e t e r -  

mined by t h e  f l a s h  method d e s c r i b e d  i n  Reference 12 .  The a p p a r a t u s  i s  shown 

s c h e m a t i c a l l y  i n  F i g u r e  IV-8. The specimen used was a 0 .750- in . ( l .9  cm) d i a  

wafe r ,  0.040 i n , ( l . O l  mm)-thick, w i t h  t h e  p l y  o r i e n t a t i o n  a l i g n e d  t o  t h e  energy 

s o u r c e  i n  t h e  same d i r e c t i o n  as i t  occur red  i n  t h e  n o z z l e  component. As w i t h  

t h e  s p e c i f i c  h e a t  specimens,  t h e  same sample was used a t  a l l  t e s t  t empera tu res .  

The r e s u l t s  a r e  shown i n  Tab le  IV-15. The p o s t s c r i p t s  ( c ) ,  ( t ) ,  and ( e )  fo l low- 

i n g  t h e  m a t e r i a l  d e s i g n a t i o n  r e f e r  t o  e n t r a n c e  cap ,  t h r o a t  and e x i t  cone, 

r e s p e c t i v e l y .  I n  most e a s e s ,  i t  w a s  p o s s i b l e  t o  machine specimens from a l l  
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I V .  B. P r o p e r t i e s  (con t )  

components; where t h e  v a l u e s  a r e  miss ing ,  t h e  amount of d e f e c t i v e  m a t e r i a l  

was n o t  s u f f i c i e n t  t o  p rov ide  t h e  r e q u i r e d  specimens,  

b. Thermal Conduc t iv i ty  

The v a l u e s  of the rmal  c o n d u c t i v i t y  c a l c u l a t e d  from t h e  

measured h e a t  c a p a c i t i e s ,  d e n s i t i e s  and the rmal  d i f f u s i v i t i e s  are shown i n  

Tab le  IV-16. Except f o r  t h e  d e n s i t y  v a r i a t i o n s  t h e r e  were no d e f i n i t e  t r e n d s  

t h a t  cou ld  b e  e s t a b l i s h e d .  Decreases i n  d e n s i t y  decreased t h e  the rmal  con- 

d u c t i v i t y .  

8. Thermal Expansion 

Thermal expansion of specimens from t h e  flame l i n e r s  was 

determined i n  accordance w i t h  t h e  p rocedures  of ASTM Standard D696-44 us ing  

a  q u a r t z  d i l a t o m e t e r .  The specimens were machined t o  c y l i n d r i c a l  c o n f i g u r a t i o n  

0.125-in. (0.3175 cm) d i a  by 0.394 i n . ( l . O  cm) long and were t e s t e d  over  

t h e  range  between 73OF (22.8OC) and 1000°F (537.8OC). The h e a t i n g  r a t e  w a s  

main ta ined  a t  15OF (8.33OC) p e r  minute  and changes i n  l e n g t h  were measured 

o p t i c a l l y  a t  i n t e r v a l s  of 50°F (27.7OC). An argon atmosphere was main ta ined  

around t h e  specimens dur ing  t e s t .  

The u n i t  d imensional  changes w i t h  t empera tu re  and t h e  range  

between maximum u n i t  expansion and maximum u n i t  s h r i n k a g e  f o r  each of t h e  

specimens t e s t e d  are shown i n  Tab les  IV-17, IV-18, and IV-19, a r ranged  i n  

o r d e r  of decreas ing  s h r i n k a g e .  I n  g e n e r a l ,  d imensional  changes were a f f e c t e d  

most by d e n s i t y  changes,  and changes i n  r e s i n  c o n t e n t .  Two n o t a b l e  excep t ions  

t o  t h e  g e n e r a l  r u l e  were observed,  bo th  i n  t h e  MX-2600 s i l i c a  f a b r i c  r e i n f o r c e d  

m a t e r i a l .  I n  t h e  e n t r a n c e  s e c t i o n  t e s t s  (Table IV-19), t h e  h i g h  expansion and 

s h r i n k a g e  of t h e  specimens i n  which t empera tu re  l o s s  occur red  dur ing  debulk 
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1 V . B .  P r o p e r t i e s  ( c o n t )  

were t r a c e d  t o  t h e  p resence  of improper p l y  o r i e n t a t i o n  (approximately  50 

d e g r e e s ) .  On t h e  e x i t - s e c t i o n  t e s t s  (Table  1V-18), no e x p l a n a t i o n  could  b e  

found f o r  t h e  h igh  expansion and s h r i n k a g e  of t h e  9% v o l a t i l e  c o n t e n t  specimens,  

s i n c e  t h e  a c t u a l  v o l a t i l e  con ten t  was o n l y  1 .90% ( s e e  Table  IV-4). 
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TABLE I\-3 

DENS I T 1  ES OF NOZZLE COMPONENTS 

Discrepancy 

None (Base1 i ne) 

Vacuum Bag, 25 i n .  Hg 

Autoclave, 125 p s i g  

Bag Leak, Debul k 

Bag Leak, F i n a l  Cure 

Temp. , Loss, Debul k 

70 t o  80% Dens i ty  

Wr ink les,  0,125 i n .  

Wr ink les,  0.25 i n .  

Wr ink les,  0.375 i n ,  

Resin Rich, 10 p l i e s  

Resin Rich, 20 p l i e s  

Resin Starved, 90 pl ies  

M a t e r i a l  

MX-4926 
MX-2600 
MX-4926 

MX- 2600 

MX-4926 
MX- 2600 
MX-4926 
MX- 2600 
MX-4926 
MX-  2600 
MX-4926 

MX- 2600 

MX-4926 
MX- 2600 
MX-4926 
MX-2600 
MX-4926 
MX-2600 
MX-4926 
MX-2600 
MX-4926 
MX-2600 
blX-4926 
MX - 2606 

Loca t i on  

A1 1 
A1 1 
Throa t  
Ex i  t 
Entrance 
& x i  t 
A1 1 
Entrance 
E x i t  
A1 1 
A l l  
A1 1 
A1 1 
A1 1 
A1 1 
Throa t  
Ex i  t 
Entrance 
E x i t  
Entrance 
Throa t  
Ex1 t 
Entrance 
E x i t  
Throa t 
& x i  t 
Entrance 
E x i t  
A1 1 
Entrance 
Ex i  t 
A1 1 
A1 1 
A1 1 
A1 1 
A l l  
A1 1 
A1 1 
A1 1 
A1 1 
'41 1 
A1 1 
A1 1 
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TABLE IV-4 

VOLATILE CONTENTS OF NOZZLE COMPONENTS 

Di screpancy 

None (Base1 i n e )  

Vacuum Bag, 25 i n .  Hg 

Autoclave,  125 p s i g  

Bag Leak, Debul k 

Bag Leak, Final  Cure 

Temperature Loss,  
Debul k 

70 t o  80% Densi ty  

80 t o  90% Density 

6% V o l a t i l e s  

9% V o l a t i l e s  

Wrinkles ,  0.125 x  1  

U r i n k l e s ,  0 .25  x  1 . 5  

Wrinkles ,  0.375 x  1 . 5  

Resin Rich,  10 p l i e s  

Resin  Rich,  20 p l i e s  

Resin S t a r v e d ,  10 p l i e s  

Mater ia l  

MX-4926 

MX-4926 
MX-2600 
MX-4926 
MX-2600 
MX-4926 
MX-2600 
MX-4926 
MX-2600 
MX-4926 
MX- 2600 
MX-4926 

M X -  2600 

Locat ion 

Throa t  
Entrance 
E x i t  
Entrance 
Throa t  
E x i t  
Throa t  
E x i t  
Throa t  
E x i t  
Throa t  
%xi  t 
Throa t  
E x i t  
Throa t  
%xi t 
%xi  t 
Throa t  
%xi t 
Entrance 
E x i t  
Entrance 
Throa t  
%xi  t 
E x i t  
Throa t  
E x i t  
Throa t  
%xi  t 
Throa t  
E x i t  
Throa t  
E x i t  
Throa t  
E x i t  
Throa t  
E x i t  
Throa t 
E x i t  

V o l a t i l e  Content ,  
p e r c e n t  

2.68 
2.40 
1 .40  
1 . 3 5  
1 . 6  
1.71 
2 . 8  
1 .88  
4 .62 
1 .52  
2.83 
1 .72 
2.24 
2.08 
1.81 
2.47 
2.25 
2.88 
3 .37 
2.47 
3 .98 
2.50 
3 .56 
4 .55 
2 .62 
4 .06 
1 .90  
2.28 
1 .45  
2.37 
1 .75  
2.67 
2.11 
3.23 
1 .55  
2.99 
2.13 
2.76 
1 .53  
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TABLE %V-5 

RESIN CONTENTS OF FLAME LINERS 

Resin 
Material Content, % Method 

Basel i ne 

Resin-Rich, 10 plies 

Resin-Rich, 20 pl ies 

Resin-Starved, 10 pl ies 

Base1 ine 

Resin-Rich, 10 plies 

Resin-Rich, 20 plies 

Resin-Starved, 10 p l  ies 

32.6 Burn-Off 

23.1 Burn-Off 

37.5 Estimated 

41 .0 

53.0 

26.0 Estimated 
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TABLE IV-6 

RELATIONSHIP BETWEEN SPECIMEN LOADING AND PLY ORIENTATION 

Component 

Entrance 

Throat 

E x i t  Cone 

Specimen Loading 

Radial (R) 

Axi a1 ( A  

Tangential ( T )  

Radial ( R )  

Axi a1 ( A )  

Tangential ( T )  

Radi a1 (R) 

Axi a1 ( A )  

Tangential ( T )  

Ply Orientation 

80 Degrees 

10 Degrees 

90 Degrees (curved) 

45 Degrees 

45 Degrees 

90 Degrees (curved) 

Normal-to-Ply 

Para1 l e l  -to-Ply 

90 Degrees (curved) 
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TABLE IV-8 

Discrepancy 

6% Vola t i l e s  

9% Vola t i l e s  

Wrinkles, 
0.125 x 1 

Wrinkles, 

w 
0.25 x 1.5 

P, 
09 

Wrinkles, 
n, 0.375 x 1 . 5  
N Resin Rich, 
0 
m 

10 p l i e s  

10 
Resin Rich, 

20 pl i es  
Resi n Starved,  

10 p l i e s  

COMPRESSIVE PROPERTIES OF MX-2600 COMPONENTS AT 75°F (297K) 

Location 

Exi t  (R) 
(A) 

Exi t  
( T )  
(R) 
(A) 

E x i t  
(TI 
(A) 

Dens i ty  , Strength 

gm/cc - KS i M N / ~ '  
1.69 55.7 384.1 

55.5 382.7 
50.6 348.9 

1.70 65.3 450.2 
56.1 386.8 
65.5 451.6 

1.77 51 .2 353.0 

Modu 1 us 

p s i  x 10 6 

3.78 
4.38 
3.4 
2.93 
4.65 
4.6 
4.25 

E x i t  (A) 1.76 50.0 344.8 3 .5  24.7 

(A) 
z 

Exi t  1.69 54.8 377.8 5.8 40 .O V) P 
P 

Exi t  (A 1.77 57 - 3  395.1 3.8 26.2 3 

E x i t  
10 

Exit  (A) 1.76 52 -0  358.5 5.48 37.8 
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TABLE ZV-11 

TENSILE PROPERTIES OF MX-4926 COMPONENTS AT 75°F (297K) 

Dens i ty , Modul us 

D i  screpancy Loca t ion  

None (Base1 i ne) Throat  (A) 1.44 2.7 18.6 1.97 13.6 
( T I  1.44 11.8 81.4 3 .I 21.4 

E x i t  (T )  1.44 9.65 66.5 2.7 18.6 

Vacuum Bag, 1.05 1.15 7.9 0.6 4.1 
25 i n .  Hg 1.05 4.2 29.0 1.65 11.4 

Autoclave, Throa t  (A)  1.44 2.7 18.6 2 .O 13.8 
125 p s i g  (T) 1.44 11.6 80.0 3.1 21.4 

E x i t  (T)  1.44 9.5 65.5 2.65 18.3 

70 t o  80% Densi ty Throat  (A )  1.05 1.2 8.3 0.83 5.7 

80 t o  90% Densi ty Throat  (A) 1.06 1.4 9.7 0.92 6.3 



NASA CR 72702 

TABLE %V-12 

TENSILE PROPERTIES OF MX-2600 COMPONENTS AT 75°F (297K) 

D iscrepancy 
Dens i t y ,  S t r e n g t h  Modulus - 

L o c a t i o n  qm/cc Ks i  M N / ~ '  psi x l o 6  GN/m 2 
- - 

None (Base1 i ne) E x i t  (17.5') 1.76 7.2 49.6 2.4 16.5 

( 7 )  1.76 10.8 74.5 2.7 18.6 

Vacuum Bag, 25 i n .  Hg E x i t  (17.5")  1.65 6.0 41.4 2.2 15.2 

(T  1.65 8.5 58.6 2.4 16.5 

Autoc lave,  1 2 5 p s i g  E x i t  (17.5")  1.75 7.0 48.3 2.5 17.2 

( T I  1.75 11.1 76.5 2.9 20 .O 

80 t o  90% D e n s i t y  E x i t  (17.5")  1.62 5 .4  37.2 1.69 11.7 
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TABLE IV-13 

CROSS-PLY TENSILE PROPERTIES OF MX-4926 COMPONENTS AT 75OF (297K) 

Density , Modulus 
Discrepancy Location gm/cc G N / ~ '  

None (Base1 i n e ]  Throat  1.44 1 .5  10.3 0.85 5.9 

70 t o  80% Density Throat  1 .05 0.83 5.7 0.90 6.2 

80 t o  90% Densi t y  Throat  1 .06 0.97 6.7 0.99 6 .8  

6% V o l a t i l e s  Throat  1.42 1.4 9.7 1 . 2  8 . 3  

9% V o l a t i l e s  Throat 1.44 1 . 8  12.4 1.18 8.1 
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TABLE IV-15 

75°F 212°F 392°F 500°F 700°F 950°F. 1200°F 1600°F 
Discrepancy Mater ia l  (23.9"C) ( 1 0 0 " ~ )  (200°C) (260°C) (371 "c)  ( 5 1 0 " ~ )  ( 6 4 9 " ~ )  (871 " c )  

None MX-2603 (C) 2.52 2.31 2.64 2.74 3.83 3.51 4.10 4.55 
(Easel  i ne MX-4926 ( T )  3.45 4.24 4.47 4.36 8.72 8.91 7 . 2  9.37 

MX-2603(E) 2.48 2.49 2.59 2.53 4.59 3.47 4.06 4 .55 

Vacuum 6ag, MX-2603 (C) 2.38 1 .89  2.52 2.91 3 .24 3.53 3.81 4 .95 
25 i n .  tig MX-4926 (T) 4.04 3.92 5.39 6.15 9.74 8 . 2 8  10.35 10.57 

MX-2603(E) 2.24 2.04 2.49 2.69 3.88 3.49 3.77 4.90 

Autoclave,  MX-2603(C) 2.64 2.00 2 .83 2.63 3.01 3.64 2.98 3 .67 
125 p s i g  MX-4926(T) 3.71 3.39 4.61 4.87 7.63 7.39 6.83 8 . 3 3  Z 

MX-2603CE) 2.60 2.16 2.78 2.43 3.60 3.60 2.94 3.61 %- * 
C3 

BagLeakage,  MX-2603(C) 2.18 2.14 2.63 2.78 3 .12 3 .44 3.66 4 .05 7j 

Debul k MX-4926(T) 3.95 4.33 4.48 4.89 8.81 9.95 7 .16 7 .40 %J 
w 

MX-2603CE) 2.15 2.31 2.58 2.56 3.74 3.40 3 .62 4.00 -4 
0 
N 

BagLeakage,  MX-2603(C) 2.57 2.18 2.80 2 .98 3.28 2.80 3.08 3.33 
F i n a l c u r e  MX-4926C~) 4.44 3.65 4.14 4.60 6.63 5.39 4.79 6.13 

MX-2603(E) 2.53 2.35 2.75 2.75 3.93 2.77 3.05 3 .29 

Temperature MX-4926 [T) 3.755 4.065 4.29 4.315 4.17 4.44 8 . 3 5  
Loss,  Debul k 

70 t o  80%, MX-2603 (C) 2.06 2.17 2.23 2.37 2.43 3.68 4.60 
Dens i ty  MX-4926 (T j  3.69 3.70 4.03 4.03 3.80 4.97 8 .13  

8 0 t o 9 0 % ,  MX-2603(C) 1 .84 2.06 2.165 2.225 2.37 2.46 3.72 4.60 
Dens i t y  MX-4926 (T) 4.14 4.60 4.515 4.515 4.69 5.84 9.06 
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TABLE IV-16 

THERMAL CONDUCTIVITIES OF TEST MATERIALS 

Di screpancy Material 

None MX-2603 (C) 
(Basel i ne) MX-4926 (T) 

MX-2603 (E) 

Vacuum Bag, MX-2603 (C) 
25 i n .  Hg MX-4926 (T) 

MX-2603 (E) 

Autoclave, MX-2603 (C) 
'd pl 1 2 5 p s i g  
09 

MX-4926 (T) 
CD MX-2603 (E) 
I-' 

0 
l-h 

Bag Leakage, MX-2603 (C) 
Debul k 

t\3 

MX-4926 (T) 
MX-2603 ( E )  

Bag Leakage, MX-2603 (C) 
Final Cure MX-4926 (T) 

MX-2603 ( E )  

Temp. Loss, MX-4926 (T) 
Debul k 

70 LO 80% MX-4926 (T) 
Density MX-2603 (E) 

80 to  90% MX-4926 (T) 
Dens i t y  MX-2603 (E) 

6% Vola t i les  MX-4926 (T) 

9% Volat i l  es MX-4926 (T) 
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Table IV-18 

Discrepancy 

Thermal D i l a t i o n  of MX-2600 Ex i t  Specimens 
i n  Radia l  (Normal-to-Ply) Or i en ta t ion  

None (Base1 i ne) 0.25 1.65 3.3 9 .5  17.8 10.75 10.1 9.5 '6.1 -9.4 27.2 

Vacuum Bag 

Autocl ave 

80 t o  90% Density 

Bag Leak, Debul k 0.25 1 .9  4.45 12.1 19.5 12.3 11.8 11.8 8.5 -8.8 28.3 .A 

N 

Bag Leak, Final Cure 0.13 1.8 3.8 10.8 19.4 12.1 11.2 11 - 5  8.3 -10.0 29.4 .A 
0 
N 

9% Vola t i l e s  0.27 2.72 6.13 17.12 20.8 14.55 12.5 10.2 -3.94 -24.86 45.66 

Wrinkles, 0.375 i n .  (0.9525 cm) 0.13 1.77 3.68 11.25 20.47 16.8 16.43 17.43 15.17 -10.61 31.07 



Table I V - 1 9  

Thermal D i l a t i o n  of MK-2600 Entrance Specimens 
i n  Radia l  (80-Degree-to-Ply) Or i en ta t ion  

A L / L ,  M i l l i - i n . / i n .  (mm/m) 
100°F 200°F 300°F 4OO0F 500°F 6OO0F 700°F 8OO0F 900°F 1000°F 

Discrepancy -------- (311 OK) (366°K) ( 4 2 2 " ~ )  ( 4 7 7 " ~ )  ( 5 3 3 " ~ )  (58g°K) (644°K) (700°K) (755°K) (81 1 OK) Range 

None (Base1 i n e )  0.14 1 . 1 3  2.13 3 .4  4.25 2.55 2.27 2.27 1 .27  

70 t o  80% Densi ty  0.129 0 .65 1 .29  1 . 6  1.41 1 . 0 3  0.77 0.39 -0.13 

80 t o  90% Density 0.13 0.89 1 .65 2.16 2.16 1 .65 1 .65  1.27 -0.13 

Temperature Loss,  Debul k 0 .38  1 .92 3.96 10.1 16 .0  9.05 8.69 8 .3  5.24 

6% V o l a t i l e s  0.127 0.76 1 .78 2.03 2 .03 1 .27 1.14 1 .O1 0.76 

Wrinkles,  0.125 i n .  (0.3175 cm) 0.13 0.9 1 .65  1 . 9  1 . 4  1 .15 1 .15  0.9 0 . 4  

Wrinkles,  0.250 i n .  (0.6350 cm) 0 .13  1 . 0  1 . 9  2 .7  2.7 1 .15  1 . O  0.76 -0.26 

Resin-Rich,  10  p l i e s  0 .25  1 . 4  2.4 2.1 1 .0  1 . O  0.51 -0.14 -1.8 

Resin-Rich, 20 p l i e s  0 .26  1 .15  2 .2  2 .8  1 . 4  1 . 3  1 .15 0.67 -1.3 

Resin-Starved,  10  p l i e s  0 .13  0.76 1 .65  3.18 5.71 4.44 4.95 5.59 3.68 
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F i g u r e  I V - 2  



Figure IV-3 
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Resin Content, percent 

Estimated Relatianship Between Resin Content and Compress ive  
P r o p e r t i e s  ~f -m-4926 Exit Cone Specimens Tested i n  Axial D i r e c t i o n  

Figure I V - 5  



NASA CR 72702 

Resin Content, percent 

R e l a t i o n s h i p  Between Resin  Content  and Compressi-ve P r o p e r t i e s  
of MX-2600 E x i t  Cone Specimens Tes ted  i n  Axia l  D i r e c t i o n  

F igure  I V - 6  



Hold decimal dimensf on 
+ 0.005 i n .  - 

Plat Tensile Specimen 

F i g u r e  IV-7 
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Power Supply 
Be1 ay Trigger  C i r c u i t  

A - R F  Induction Heater D - Xenon F l a s h  Lamp G E  524 
E - Sample 

C - PbS Cell F - To RF Generator 
G - Window 

Schemat ic  Diagram of D i f f u s i v i t y  Appara tus  

F i g u r e  I V - 8  



NASA CR 72782 

A. SUMMARY 

An a s s o c i a t e d  t a s k  of t h i s  program c o n s i s t e d  of a n  e v a l u a t i o n  of 

f i v e  t echn iques  f o r  d e t e c t i n g  d i s c r e p a n c i e s  i n  a b l a t i v e  n o z z l e s ,  and t h e i r  

component p a r t s .  Two e s t a b l i s h e d  t echn iques  of i n s p e c t i o n  were eva lua ted  

a long  w i t h  t h r e e  o t h e r s w h i c h  r e q u i r e d  v a r y i n g  d e g r e e s  of development b e f o r e  

a n  e v a l u a t i o n  could  b e  made. S i x  g e n e r a l  groups of f l a w s  were cons idered :  

(1) v a r i a t i o n s  i n  v o l a t i l e  c o n t e n t s ;  (2 )  de lamina t ions ;  ( 3 )  w r i n k l e s ;  

( 4 )  r e s i n  c o n t e n t  v a r i a t i o n s ;  (5) d e n s i t y  v a r i a t i o n s ;  and ( 6 )  c u r e  c y c l e  

d i s c r e p a n c i e s .  The NDT techn iques  e v a l u a t e d  inc luded :  radiography and p u l s e  

u l t r a s o n i c  ( e s t a b l i s h e d  t e c h n i q u e s ) ;  i n f r a r e d  thermography; s p e c i a l  eddy 

c u r r e n t  t echn iques ;  and CW- and resonan t  f requency u l t r a s o n i c s *  

The n o z z l e  components i n s p e c t e d  were of carbon f a b r i c  and s i l i c a  

f a b r i c  r e i n f o r c e d  r e s i n  composi tes ,  These m a t e r i a l s  had s i m i l a r  f l a w s ,  and 

were b o t h  of t a p e  wrapped cons t ruc tLon  a l though  t h e  s i l i c a  p a r t s  were,  of 

course ,  n o t  conduc t ive  and hence u n s u i t a b l e  f o r  eddy c u r r e n t .  Otherwise  t h e  

t echn iques  were a p p l i c a b l e  t o  b o t h  m a t e r i a l s ,  

The r o u t i n e  p u l s e  u l t r a s o n i c  and r a d i o g r a p h i c  i n s p e c t i o n s  were 

performed u s i n g  p roduc t ion  f a c i l i t i e s ,  and t h e  i n s p e c t i ~ n s  performed were  

w e l l  w i t h i n  t h e  r o u t i n e  c a p a b i l i t i e s  s f  a n  e s t a b l i s h e d  ae rospace  i n s p e c t i o n  

f a c i l i t y .  The i n f r a r e d  themography  i n s p e c t i o n s ,  and t h e  CW u l t r a s o n i c  tech-  

n i q u e s  cons idered  are n o t  r o u t i n e l y  used methods, and hence r e q u i r e d  survey  of 

a v a i l a b l e  equipment,  and some development of t echn ique  b e f o r e  e v a l u a t i o n .  The 

u s e  of eddy c u r r e n t s  i s  commonly used f o r  i n s p e c t i o n  of m e t a l  p a r t s ,  b u t  i t  i s  

a r a t h e r  s p e c i a l  t echn ique  when a p p l i e d  t o  non-meta l l i c s ,  and r e q u i r e d  con- 

s i d e r a b l e  e x p e r b e n t a t i o n .  The e f f e c t s  of scale-up of t h e  new techn iques  t o  

t h e  260-in, d i a  motor could n o t  be def fned  w i t h i n  t h e  scope of t h i s  c o n t r a c t .  

Page 30 
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V.A. Summary ( c o n t )  

For t h e  e s t a b l i s h e d  methods t h e r e  was enough e x p e r i e n c e  t o  make good e s t i m a t e s .  

The p r e p a r a t i o n  of specimens i n  t h e  form of s e c t i o n s  of a  f u l l - s c a l e  n o z z l e  

p a r t  would b e  of no u s e  because  w i t h  tape-wrap c o n s t r u c t i o n  one must make 

t h e  e n t i r e  p a r t  t o  be  remote ly  r e a l i s t i c ,  and t h i s  was n o t  f e a s i b l e .  

I n  g e n e r a l ,  a l l  d i s c r e t e  f l a w s  a r e  covered by p u l s e  u l t r a s o n i c s  

and radiography.  The e f f e c t s  of m a t e r i a l  v a r i a t i o n s  such  a s  h i g h  v o l a t i l e  

c o n t e n t  and c u r e  c y c l e  d i s c r e p a n c i e s  a r e  n o t  s o  e a s i l y  d e t e c t e d .  While t h e  

new t e c h n i q u e s  were r a t e d  good o r  e x c e l l e n t  i n  seven i n s t a n c e s ,  they  d i d  n o t  

r e c e i v e  such  h i g h  r a t i n g s  i n  any c a s e  i n  which n e i t h e r  radiography o r  pu l sed  

u l t r a s o n i c s  were s o  r a t e d .  It can b e  concluded t h a t  t h e  new techn iques  a r e  

n o t  r e q u i r e d  f o r  adequa te  r e s u l t s .  The use  of t h e  new methods would thus  b e  

i n d i c a t e d  on ly  f o r  r e a s o n s  of economy o r  convenience.  Such c o n s i d e r a t i o n s  

a r e  premature  a t  t h i s  t i m e .  Eva lua t ions  a r e  summarized a t  t h e  end of t h i s  

s e c t i o n .  

A problem which does m e r i t  immediate c o n s i d e r a t i o n  i s  t h a t  of NDT 

methods f o r  d e t e c t i n g  v o l a t i l e  c o n t e n t  and t h e  e f f e c t s  of t h e  v a r i o u s  c u r e  

c y c l e  d i s c r e p a n c i e s .  Genera l i zed  s t u d i e s  of NDT methods u s u a l l y  develop a  

b i a s  i n  f a v o r  of d i s c r e t e  f l a w s  a t  t h e  expense of b u l k  m a t e r i a l  p r o p e r t i e s ,  

a lmost  unavoidably  s i n c e  most NDT techniques  e x c e l  a t  d e t e c t i n g  d i s c r e t e  

f l a w s .  Fur thermore,  a n a l y s i s  of samples i s  t h e  t r a d i t i o n a l  method of d e a l i n g  

w i t h  p r o c e s s  d i s c r e p a n c i e s  and NDT techniques  have t r a d i t i o n a l l y  n o t  been 

d i r e c t e d  a t  problems of t h i s  n a t u r e .  The d e t e c t i o n  of p rocess ing  d i s c r e p a n c i e s  

should b e  i n v e s t i g a t e d  a s  a s e p a r a t e  p r o j e c t  i f  NDT techn iques  a r e  t o  be a p p l i e d  

i n  t h i s  a r e a .  

Page 31 
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V. Eva lua t ion  of Nondes t ruc t ive  T e s t i n g  Techniques ( c a n t )  

B. TEST PROCEDURES AND RESULTS 

The a b l a t i v e  components were r a d i o g r a p h i c a l l y  i n s p e c t e d  a t  

the s u p p l i e r s '  f a c i l i t i e s .  These rad iographs  and t h e  d i s c r e p a n c i e s  s p e c i f i e d  

by t h e  s u p p l i e r  were reviewed a t  A e r o j e t .  The rad iographs  were through expos- 

s u r e s  of t h e  e n t i r e  p a r t ,  which combined normal and t a n g e n t i a l  views.  These 

r a d i o g r a p h s  were found t o  be  of e x c e l l e n t  q u a l i t y ,  and no d i s c r e p a n c i e s  were  

noted i n  t h e  a n a l y s i s  f u r n i s h e d  w i t h  t h e  f i l m .  

Delaminat ions  were c l e a r l y  shown, and high- and low-density 

r e g i o n s  were  i d e n t i f i a b l e .  Wrinkles and r e s i n l f i b e r  r a t i o  v a r i a t i o n s  were 

a l s o  shown b u t  l e s s  c l e a r l y  than  t h e  d e l a m i n a t i o n s ,  a s  would b e  expected s i n c e  

such  f l aws  do n o t  u s u a l l y  have w e l l  d e f i n e d  boundar ies .  The known d e n s i t y  

v a r i a t i o n s  (80% and 90% of normal) were marked by a porous c o n d i t i o n  through- 

o u t  t h e  p a r t ,  w i t h  s m a l l  v o i d s  i n  t h e  s i l i c a  r e g i o n s .  

The p rocess  d i s c r e p a n c i e s  p r e s e n t e d  a  s p e c i a l  problem i n  t h a t  

a s p e c i f i c  d e f e c t  was n o t  be ing  produced, b u t  r a t h e r  a p rocess  change was made 

which i s  l i k e l y  t o  cause  s e v e r a l  t y p e s  of d e f e c t .  No g e n e r a l  s t a t e m e n t s  can 

b e  made concerning t h e  u s e  of X-rays t o  v e r i f y  t h a t  t h e  p rocess  d i s c r e p a n c i e s  

o c c u r r e d ,  b u t  sorne r e s u l t s  of t h e s e  d i s c r e p a n c i e s  were d e t e c t e d ,  Without 

p r i o r  knowledge of t h e  p r o c e s s i n g ,  t h e  d e f e c t  cause  could  n o t  b e  e s t a b l i s h e d  

from X-ray d a t a ,  The a u t o c l a v e  c u r e  a t  125 p s i  produced very  l i t t l e  d e v i a t i o n  

from normal as s e e n  on t h e  rad iographs .  Other  v a r i a t i o n s  tended t o  produce 

low-density bands ,  w i t h  t h e  carbon being more a f f e c t e d  t h a n  t h e  s i l i c a .  Occa- 

s i o n a l  s u r f a c e  de lamina t ions  were observed,  
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High v o l a t i l e  c o n t e n t  i n  t h e  r e s i n  appeared t o  produce poro- 

s i t y  i n  t h e  carbon composi te ,  w r i n k l e s  i n  t h e  s i l i c a  composite,  de lamina t ions  

a t  t h e  c a r b o n / s i l i c a  i n t e r f a c e ,  and some de lamina t ions  w i t h i n  t h e  carbon. 

These rad iographs  showed a  complete c r o s s  s e c t i o n ,  be ing  

made w i t h  f i l m  and s o u r c e  on o p p o s i t e  s i d e s ,  b o t h  o u t s i d e  t h e  p a r t .  Thus both  

normal and t a n g e n t i a l  views a r e  inc luded .  Because of t h e  low energy X-rays, 

however, t h e  p o r t i o n  of t h e  f i l m  showing a  t a n g e n t i a l  view was of l i m i t e d  

v a l u e ,  s o  t h a t  t h e s e  r a d i o g r a p h s  a r e  cons idered  t o  be  normal rad iographs ,  and 

do n o t  d u p l i c a t e  t h e  t a n g e n t i a l  r ad iographs  d e s c r i b e d  i n  t h e  fo l lowing  para- 

graph.  

2. Radiography, T a n g e n t i a l  

Both t h e  Linac and VandeGraaff machines a t  A e r o j e t  produce 

X-rays of adequate  energy t o  p e n e t r a t e  t h e  maximum chord f o r  t a n g e n t i a l  s h o t s  

of t h e  t e s t  nozz le  assembly.  Nozzle assembl ies ,  SN 001  and 002, were rad io -  

graphed us ing  t h e  Var ian  1 0  mev Linac.  No unbonds could  be  d e t e c t e d ,  a l though  

unbonds were  known t o  b e  p r e s e n t  ( they were found by u l t r a s o n i c  i n s p e c t i o n ) .  

Assemblies SN 003 and 004, a l s o  known t o  have unbonds were radiographed w i t h  

t h e  High Vol tage Engineer ing  2  mev VandeGraaf Genera to r .  These rad iographs  

were  s u p e r i o r  i n  q u a l i t y  t o  t h e  ones made w i t h  t h e  L inac ,  and gave an  e x c e l l e n t  

p i c t u r e  of p l y  a l ignment ,  b u t  no evidence of t h e  u l t r a s o n i c a l l y  l o c a t e d  unbonds 

could  be  found. The conc lus ion  is  t h a t  t h e r e  i s  unbond, o r  ve ry  weak bond, 

b u t  w i t h  l i t t l e  o r  no s e p a r a t i o n .  The s u p e r i o r  r e s u l t s  w i t h  t h e  VandeGraaf 

would be  expected s i n c e  t h e  L inac  i s  a  high-output  machine i n  which high ou t -  

p u t  i s  ob ta ined  a t  some s a c r i f i c e  i n  r e s o l u t i o n .  These s m a l l  p a r t s  do n o t  

r e q u i r e  e i t h e r  t h e  1 0  mev energy o r  t h e  h i g h  roen tgen  ou tpu t  of t h e  Linac,  

even though t h e  complete  assembly i s  i n  a  s t e e l  s h e l l .  
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3 .  

(Component P a r t s  Only) 

The p a r t s  were p laced  i n  a  wa te r  t ank  a f t e r  be ing  coa ted  t o  

p r o t e c t  them from w a t e r  damage w i t h  a  mix ture  of 50% LOTOL and 58% BUTUARC. 

This  produced a s t r i p p a b l e  l a t e x  c o a t i n g  w i t h  good sound coupl ing  p r o p e r t i e s .  

With t h e  p a r t  immersed, scanning w a s  q u i t e  s imple  s i n c e  t h e  w a t e r  i s  a  ve ry  

e f f e c t i v e  coup lan t .  The equipment inc luded  an  Automation I n d u s t r i e s  I m m e r -  

s i o n  T e s t  Uni t  w i t h  3-in. Trans ig raph  and T r a n s i g a t e  t o  Model EM550, and a  

Sper ry  Ref lec toscope  Model UM300. The p a r t  was mounted on a  t u r n t a b l e  equipped 

f o r  Z a x i s  scann ing  a s  w e l l  a s  r o t a t i o n .  An Alfax 1049, l 8 - i n .  r e c o r d e r  was 

used t o  produce C-Scans, and t h e  u l t r a s o n i c  f requency used was 2.25 MW The z. 
equipment is shown i n  F i g u r e s  V - 1  and V-2. 

The r e s u l t s  of t h i s  i n s p e c t i o n  a r e  shown i n  F i g u r e s  V-3, V - 4 ,  

and V-5, which a r e  t h e  C-Scans of p a r t s  w i t h  de lamina t ions .  The f l a w s  a r e  

w e l l  mapped. 

The n o z z l e  assembly was i n s p e c t e d  w i t h  a c o n t a c t  coupled,  

p u l s e  echo techn ique  for the purpose  of d e t e c t i n g  unbond between t h e  s t e e l  

s h e l l  and t h e  s e c t i o n s  of t h e  l i n e r .  There was a n  epoxy bond between s i l i c a  

and s t e e l ,  w i t h  a  goad p o s s i b i l i t y  o f  epoxy on bo th  s u r f a c e s  even i n  an  un- 

bonded r e g i o n ,  a c o n d i t i o n  which makes p u l s e  echo i n s p e c t i o n  d i f f i c u l t .  The 

p resence  of a d h e s i v e  on an unbonded s u r f a c e  produces a c o n d i t i o n  i n t e r m e d i a t e  

between a good bond and an ux~bond w i t h  no adhes ive  on t h e  s u r f a c e .  
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This  method r e q u i r e s  a  coup lan t  f i l m  between t h e  s i n g l e  t r a n s -  

ducer  and t h e  p a r t .  Waterless hand c l e a n e r ,  a n  emuls ion,  was employed i n  t h i s  

c a s e ,  and proved s a t i s f a c t o r y .  The Sperry  UM700 i n  t h e  p u l s e  echo mode of 

o p e r a t i o n  w a s  used w i t h  a  frequency of 2 .25  MH The i n s p e c t i o n  was perform- 
2 ' 

ed by p l o t t i n g  t h e  s t r e n g t h  of t h e  echo from t h e  s t e e l - t o - l i n e r  i n t e r f a c e .  

Because t h e  echo i s  f a r  from c o n s t a n t  under any c i rcumstances ,  a  d e f e c t  must 

b e  recognized a s  a n  anomalous r e g i o n  by comparison w i t h  i t s  immediate surround-  

i n g s  r a t h e r  t h a n  by t h e  a b s o l u t e  s t r e n g t h  of t h e  echo, thus  r e c o g n i t i o n  of a n  

unbonded r e g i o n  r e q u i r e s  reasonab ly  w e l l  d e f i n e d  boundar ies .  Never the less  i t  

was p o s s i b l e  t o  l o c a t e  unbonded r e g i o n s  on t h e  n o z z l e  assembl ies  examined. 

Although t h e r e  was no conf i rmat ion  of t h e s e  unbonds by o t h e r  methods, t h e  

unbonds d i d  correspond t o  t h e  l o c a t i o n  of d e l i b e r a t e  unglued a r e a s .  The epoxy 

would tend t o  f low somewhat a s  t h e  l i n e r  s e c t i o n s  were s e a t e d  i n  t h e  s h e l l  

d u r i n g  assembly.  Thus t h e  a c t u a l  unbond would n o t  be  e x a c t l y  t h e  same a s  t h e  

a r e a  l e f t  unglued.  Never the less ,  t h e  correspondence was good enough t o  e s t a b -  

l i s h  t h a t  c o n t a c t  u l t r a s o n i c s  could l o c a t e  unbonds. 

There  is ano ther  u l t r a s o n i c  t echn ique  which combines c o n t a c t  

and immersion f e a t u r e s  and which would b e  most s a t i s f a c t o r y  f o r  t h e  f u l l - s c a l e  

n o z z l e  assembly and f o r  i t s  p a r t s .  This  method was used by Rohr Corpora t ion  

i n  i n s p e c t i n g  t h e  n o z z l e  f o r  Motor 260-SL-3. It cannot  b e  used f o r  p a r t s  as 

s m a l l  a s  t h e  s u b s c a l e  n o z z l e ,  however. For t h i s  i n s p e c t i o n  t h e  n o z z l e  i s  

p laced  v e r t i c a l l y  on a t u r n t a b l e .  A c a r r i a g e  i s  provided which moves two 

t r a n s d u c e r s  v e r t i c a l l y ,  one i n s i d e  and one o u t s i d e  of t h e  n o z z l e ,  and keeps 

them a l i g n e d .  The t r a n s d u c e r s  a r e  mounted i n  wheels (F igure  V-6). These 

wheels a r e  w a t e r - f i l l e d  rubber  t i r e s  t u r n i n g  on a  f i x e d  a x l e .  A t r a n s d u c e r  

i s  mounted on t h e  a x l e ,  i n s i d e  t h e  t i r e .  The t i r e  i s  p laced  a g a i n s t  t h e  

n o z z l e ,  and can  r o l l  a long  w i t h  t h e  t r a n s d u c e r  po in ted  a t  t h e  s u r f a c e .  The 

wate r  i n  t h e  t i r e  a c t s  a s  a  c o u p l a n t ,  and s l i d i n g  f r i c t i o n  i s  e l i m i n a t e d .  
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L iqu id  coup l ing  i s  r e q u i r e d  between t i re  and n o z z l e ,  b u t  s i n c e  t h e r e  i s  no 

s l i d i n g  f r i c t i o n ,  t h e  coup lan t  need n o t  b e  a  l u b r i c a n t .  A s p r a y  of a l c o h o l  

d i r e c t e d  a t  t h e  n o z z l e  j u s t  ahead of t h e  wheel i s  s u f f i c i e n t ,  and t h e  a l c o h o l  

e v a p o r a t e s  q u i c k l y  w i t h  n e g l i g i b l e  s u r f a c e  con tamina t ion ,  Rohr ob ta ined  

r e s u l t s  on t h e  n o z z l e  components f o r  Motor 260-SL-3, which compared f a v o r a b l y  

w i t h  t h e  r e s u l t s  of a n  immersion i n s p e c t i o n .  The immersion i n s p e c t i o n  of t h e  

v e r y  l a r g e ,  f u l l - s c a l e  n o z z l e  components would pose problems, and t h e  Sper ry  

wheel  method is  a  l o g i c a l  s u b s t i t u t e .  

The major p o r t i o n  of t h e  i n f r a r e d  thermography s t u d y  was per-  

formed by Automation I n d u s t r i e s  (Boulder ,  Colorado) and t h e i r  r e p o r t  i s  i n -  

c luded a s  Appendix A.  The s t u d y  w a s  somewhat more g e n e r a l i z e d  t h a n  o t h e r s  i n  

c h i s  program, s i n c e  t h e r e  i s  l e s s  jnformat ion a v a i l a b l e  on t h e  a p p l i c a t i o n  o f  

i n f r a r e d  the1:rnogsaphy t o  p a r t s  of t h i s  k ind .  Some r e p r e s e n t a t i v e  samples of 

carbon and s i l i c a - p h e n o l i c  p a r t s  were s u p p l i e d  t o  Automation I n d u s t r i e s .  A 

p l y  s e p a r a t i o n  and machined h o l e s  were inc luded .  Among t h e  more s i g n i f i c a n t  

r e s u l t s  r e p ~ r t e d  was t h e  f a c t  t h a t  d e f e c t s  must have a  d iameter  a t  l e a s t  e q u a l  

t o  twice  tkeEr d e p t h ,  and t h a t  f l a w s  a s  s m a l l  a s  0,125-in.  d i a  can b e  d e t e c t e d  

ATbo no ted  was t h e  requirement  t h a t  some of t h e  b r i g h t e r  s u r f a c e s  b e  g i v e n  

d u l l  coa~ings, 

Th? i n f r a r e d  thermography s t u d y  d i d  n o t  r e a c h  t h e  s t a g e  of 

ac. tual  eva%uat iou  a s  d i d  che r a d i o g r a p h i c  and u l t r a s o n i c  programs. The t ech-  

n i q u e  i s  c e r t a i n l y  a p p l i c a b l e  t o  p a r t s  of t h e  g e n e r a l  t y p e  under c o n s i d e r a t i o n  

h e r e ,  I t  i s  n o t ,  however, s u f f i c i e n t l y  w e l l  developed t o  pe rmi t  a c c u r a t e  

e s t i m a t e s  of how d e s i r a b l e  i t  would grove i n  p r a c t i c e .  I n  p a r t i c u l a r ,  t h e  

t echn ique  i s  n o t  s u f f i c i e n t l y  de-,reloped t o  a l low good e x t r a p o l a t i o n  t o  a f u l l -  

s c a l e  n o z z l e .  
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Although a t t e n t i o n  should b e  pa id  t o  any f u t u r e  developments 

i n  t h e  f i e l d  of i n f r a r e d  thermography WDT, i t  cannot  be  regarded a s  a n  immediate 

c a n d i d a t e  f o r  u s e  i n  i n s p e c t i o n  of 260-in.-dia motor n o z z l e s .  The i n f r a r e d  

method i s  p o t e n t i a l l y  u s e f u l ,  b u t  t h e r e  a r e  many p r a c t i c a l  problems t o  b e  

worked o u t .  These were beyond t h e  scope of t h i s  s t u d y .  

A demons t ra t ion  of t h e  Bofors  Model TlOl i n f r a r e d  camera w a s  

ar ranged a t  A e r o j e t .  There was not s u f f i c i e n t  t i m e  t o  a r r a n g e  any th ing  r e -  

sembling a n  e v a l u a t i o n  of i n s p e c t i o n  c a p a b i l i t y ,  a s  t h i s  depends more on tem- 

p e r a t u r e  c o n d i t i o n i n g  of t h e  p a r t  than  on t h e  camera. The demonstra t ion d i d ,  

however, g i v e  a n  i n d i c a t i o n  of t h e  r e s o l u t i o n  and s e n s i t i v i t y  p o s s i b l e  w i t h  

t h e  equipment. 

6 .  S p e c i a l  Eddy Current  Techniques 

The u s e  of eddy c u r r e n t s  f o r  i n s p e c t i n g  m e t a l  p a r t s  is  w e l l  

known. Non-metall ic p a r t s  may a l s o  b e  i n s p e c t e d  f o r  t h i c k n e s s  i f  they have 

a  conduc t ive  backing,  s i n c e  t h e  u s u a l  eddy c u r r e n t  ins t rument  may be a d j u s t e d  

t o  g i v e  a n  i n d i c a t i o n  of d i s t a n c e  from probe t o  a  conductor  of c o n s t a n t  con- 

d u c t i v i t y  as w e l l  as t o  v a r i a t i o n s  i n  t h e  c o n d u c t i v i t y  of a p a r t  i n  c o n t a c t  

w i t h  t h e  probe.  I n  t h e  c a s e  of carbon f a b r i c  composi tes  t h e r e  i s  enough con- 

d u c t i v i t y  t o  a l l o w  some i n s p e c t i o n  f o r  f l a w s .  Because t h e  c o n d u c t i v i t y  of 

carbon f a b r i c  composites i s  q u i t e  low compared w i t h  t h a t  of m e t a l s ,  s e n s i t i v i t y  

t o  f i n e  c r a c k s  i s  n o t  n e a r l y  s o  g r e a t ,  a l though  t h e  carbon composite may b e  

p e n e t r a t e d  t o  much g r e a t e r  d e p t h s  than  m e t a l s .  The u s u a l  eddy c u r r e n t  p robe  

h a s  a c o i l  a x i s  t h a t  is  perpend icu la r  t o  t h e  s u r f a c e  of t h e  specimen s o  t h a t  

t h e  eddy c u r r e n t  l o o p s  i n  t h e  specimen a r e  symmetric about  t h e  c o i l  a x i s .  
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Such a probe is n o t  s e n s i t i v e  t o  a n i s o t r o p i c  c o n d u c t i v i t y .  The probes  made 

f o r  t h e  p r e s e n t  p r o j e c t  were wound s o  t h a t  t h e i r  axes  were p a r a l l e l  t o  t h e  

s u r f a c e  of t h e  specimen. I n  t h i s  way, t h e  eddy c u r r e n t  l o o p s  w i t h i n  t h e  

specimen were made t o  l i e  a lmost  e x c l u s i v e l y  i n  p l a n e s  p e r p e n d i c u l a r  t o  t h e  

s u r f a c e ,  and p a r a l l e l  t o  each o t h e r ,  t h u s  t h e  c u r r e n t  p a t t e r n  was n o t  symmet- 

r i c a l .  I f  t h e r e  were a  d i r e c t i o n  of h i g h e r  c o n d u c t i v i t y ,  i t  could  b e  found 

by p l a c i n g  t h e  probe on t h e  s u r f a c e  and r o t a t i n g  i t .  S ince  t h e  carbon p a r t s  

involved i n  t h i s  program had a  d e f i n i t e  f i b e r  s t r u c t u r e ,  i t  was t o  b e  expected 

t h a t  t h e r e  would b e  d i r e c t i o n s  of h i g h e r  c o n d u c t i v i t y .  F i g u r e  V-7 shows a  

specimen of t h e  m a t e r i a l .  F i g u r e  V-8 shows two of t h e  probes  t e s t e d .  The 

d i f f e r e n t  f a c e s  of t h e  t e s t  b l o c k  d i d  show d i f f e r e n t  c o n d u c t i v i t i e s ,  and t h e  

d i r e c t i o n  of t h e  m a j o r i t y  of t h e  f i b e r s  could b e  determined by r o t a t i n g  t h e  . 

probe.  Such a  t echn ique  h a s  been used w i t h  some s u c c e s s  f o r  t e s t i n g  P o l a r i s  

motor n o z z l e  e x i t  cones.  F i g u r e  V-9 shows t h e  arrangement f o r  au tomat ic  scan- 

n ing .  The Magnaflux ED500 has  been modified t o  a c c e p t  t h e  s p e c i a l  probes  and 

a  r e c o r d e r  o u t p u t  provided ( t h e s e  a r e  minor m o d i f i c a t i o n s ) .  F i g u r e  V-LO shows 

t h e  r e c o r d s  of t h e  i n s p e c t i o n ,  

Contrary  to e x p e c t a t i o n s ,  i t  was n o t  p o s s i b l e  t o  r e l i a b l y  

detecl-  w r i n k l e s  i n  t h e  c a r b ~ n  composi te ,  This  was probably  a  r e s u l t  of t h e  

r e b a s i v e  EirreguSarity of t h e  carbon p a r t s .  They always had some w r i n k l i n g ,  

and wrir!iik3.1zg s e x l a u s  enough. t o  c o n s t i t u t e  a  d e f e c t  d i d  n o t  cause  a  conspicuous 

change 1:~ t h e  cunductslvity,  The t r a c e s  d i d  i n d i c a t e  d e f e c t s ,  b u t  t h e s e  were  

g r o s s  s u r f a c e  c r a c k s  which are e a s i l y  found w i t h  p e n e t r a n t s  o r  i n  some c a s e s  

by v i s u a l  i n s p e c t i o n .  The eddy c u r r e n t  i n s p e c t i o n  d i d  n o t  c o n t r i b u t e  any- 

t h i n g  t o  t h e  e v a l u a t i o n  of these  p a r t s .  Such d a t a  a s  i t  y i e l d e d  could  b e  

o b t a i n e d  from o t h e r  i n s p e c t i o n s  which would have been r e q u i r e d  i n  any c a s e .  

The f u l l - s c a l e  n o z z l e  might be  more s u i t a b l e  f o r  i n s p e c t i o n  by t h i s  method, 

s i n c e  t h e  g r e a t e r  d iamete r  may make t h e  f i b e r  o r i e n t a t i o n  more r e g u l a r .  
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V . B .  T e s t  P rocedures  and R e s u l t s  ( con t )  

Should t h i s  b e  t h e  c a s e  eddy c u r r e n t  i n s p e c t i o n  can be  re -eva lua ted  a t  ve ry  

l i t t l e  expense .  Hence, i t  does n o t  appear  worthwhi le  t o  pursue t h e  s u b j e c t  

any f u r t h e r  a t  t h i s  t ime. For p lann ing  purposes  i t  shou ld  be  assumed t h a t  

t h e r e  i s  on ly  a v e r y  s l i g h t  p r o b a b i l i t y  t h a t  eddy c u r r e n t  i n s p e c t i o n  w i l l  b e  

u s e f u l  f o r  carbon p a r t s  of t h e  260-in.-dia motor n o z z l e .  

7 .  CW - U l t r a s o n i c s  

The f a m i l i a r  u l t r a s o n i c  t e s t e r s  u s e  a  s h o r t  p u l s e  i n  o r d e r  

t h a t  t h e  t ime r e q u i r e d  f o r  t h e  s i g n a l  t o  t r a v e l  through t h e  p a r t  can  b e  d e t e r -  

mined. T h i s  is most u s e f u l  in fo rmat ion ,  b u t  i t  means t h a t  t r a n s i e n t  e f f e c t s  

predominate.  Another approach is p o s s i b l e .  Continuous (CW) s i g n a l s  can b e  

used.  I n  t h i s  c a s e ,  t h e  s t e a d y  s t a t e  is  reached ,  and t h e  p a r t  i s  made t o  

v i b r a t e  i n  a  s t a b l e  mode, w i t h  resonances  be ing  observab le .  It is  t h u s  p o s s i b l e  

t o  observe  t h e  r e s o n a n t  f requency spectrum,  and t o  measure t h e  a c o u s t i c  imped- 

ance  r e p r e s e n t e d  by t h e  specimen which becomes t h e  load  on t h e  t r a n s d u c e r .  

There a r e  a  number of t h i n g s  which can b e  measured, and a t  l e a s t  two ways of 

g e t t i n g  sound i n t o  t h e  specimen, g i v i n g  rise t o  t h r e e  d i f f e r e n t  i n s t r u m e n t s ,  

t h e  North American Sonic  Resonator ,  t h e  Automation I n d u s t r i e s  Eddy-Sonic Sys- 

tem, and t h e  A e r o j e t  Acous t i c  Impedance Bridge.  The Sonic  Resonator  and 

Acoust ic  Impedance Bridge b o t h  u s e  c o n t a c t  coupled t r a n s d u c e r s  and a r e  s i m i l a r  

i n  o p e r a t i o n ,  d i f f e r i n g  i n  t r a n s d u c e r  des ign  and i n  t h e  p r e c i s e  method of 

measuring t h e  response  of t h e  p a r t .  The Eddy-Sonic System h a s  an  unusua l  

t r a n s d u c e r .  Coupling i s  by means of a  magnet ic  f i e l d .  This  f i e l d  i s  t h e  mag- 

n e t i c  component of t h e  n o n - r a d i a t i v e  f i e l d  from a  c o i l  whose dimensions a r e  

s m a l l  compared t o  t h e  wavelength of t h e  s i g n a l s .  Th i s  is  t h e  same f i e l d  used 

i n  eddy c u r r e n t  t e s t i n g ,  from which t h e  name i s  d e r i v e d .  The f i e l d  i s  used 

t o  g e n e r a t e  sound i n  t h e  p a r t ,  which must be  m e t a l l i c .  This  system h a s  t h e  

advantage of n o t  r e q u i r i n g  c o n t a c t .  
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The Rohr Corpora t ion  performed t e s t s  wi th  t h e  Eddy-Sonic Sys- 

tem on t h e  n o z z l e  assembly f o r  Motor 260-SE-3, and r e p o r t e d  good r e s u l t s  i n  

mapping s e p a r a t i o n s  between t h e  s t e e l  s h e l l  and t h e  l i n e r .  Rohr e n g i n e e r s  

cons idered  t h e  system f a s t  and r e l i a b l e ,  b u t  somewhat d e f i c i e n t  i n  r e s o l u t i o n .  

Rohr a l s o  t e s t e d  t h e  North American Sonic  Resonator ,  and found i t  s u p e r i o r  i n  

r e s o l u t i o n ,  b u t  slower t o  u s e ,  and recommended i t s  u s e  f o r  a c c u r a t e l y  mapping 

f l a w s  l o c a t e d  w i t h  t h e  Eddy-Sonic System. 

The A e r o j e t  Acous t i c  Impedance Bridge was t e s t e d  on ly  on t h e  

s m a l l e r  s u b s c a l e  assembl ies  of t h i s  program. R e s u l t s  were  u n s a t i s f a c t o r y  

because  adequa te  coup l ing  could  n o t  be ob ta ined  on t h e  s h a r p l y  curved s u r f a c e s .  

The l a r g e r  r a d i u s  of t h e  f u l l - s c a l e  n o z z l e  should e l i m i n a t e  t h i s  problem. The 

Acous t i c  Impedance Bridge has  shown r e s o l u t i o n  s u p e r i o r  t o  t h a t  of t h e  Sonic  

Resonator  i n  t e s t s  on f l a t  aluminum honeycomb p a n e l ,  and should be  eva lua ted  

on a f u l l - s c a l e  nozz le .  

C .  R A T I N G  SYSTDf AND RESULTS 

A r a t i n g  system was dev i sed  t o  p r e s e n t  t h e  e v a l u a t i o n  of v a r i o u s  

techa-ti.qrwes i n  r i m e r l e a l  form. These r a t i n g s  a r e  somewhat s u b j e c t i v e  because  

t h e  t e s t s  wexe ~ i o s t l y  conducted w i t h  s u b s c a l e  p a r t s ,  and t h e  e f f e c t  of t h e  

i n c r e a s e  i n  s i z e  kn a n o z z l e  f o r  t h e  260-in. d i a  motor had t o  be  e s t i m a t e d .  

The rat!ngs a r c  shown f n  Table  V-1. 

Nt~~nbers  from l through 5 were a s s i g n e d ,  1 i n d i c a t i n g  a n  e x c e l l e n t  

chance of l o c a t i n g  a  d e f e c t ,  5 i n d i c a t i n g  a  n e g l i g i b l e  chance of l o c a t i n g  one. 

The s t a n d a r d  f o r  a  r a t i n g  of 1 was a good q u a l i t y  rad iograph  of a  d e f e c t  f o r  

which radiography i s  t h e  customary method. I n  t h e  c h a r t s  which fo l low,  t h e  

e n t r y  "Negztive" i n d i c a t e s  t h a t  no evidence of d e f e c t s  o r  d i sc repancy  was 

found, and t h a t  t h e  i n s p e c t i o n  o p e r a t i o n  appeared s a t i s f a c t o r y .  "No t e s t "  

i n d i c a t e s  t h a t  no c o n c l u s i v e  t e s t  was made on a p a r t i c u l a r  p a r t .  U i n d i c a t e s  

t h a t  p r e l i m i n a r y  t e s t s  showed t h a t  t h e  method would n o t  work. 
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Excluded from t h e  c h a r t  a r e  t h e  CW u l t r a s o n i c  methods, which could  

n o t  be  a d e q u a t e l y  e v a l u a t e d  on s u b s c a l e  p a r t s ,  and c o n t a c t  u l t r a s o n i c s ,  through- 

u l t r a s o n i c s ,  and t a n g e n t i a l  radiography which were used only  f o r  t h e  inspec-  

t i o n  of t h e  a b l a t i v e  l i n e r  bonds t o  s t e e l  s h e l l .  R e s u l t s  f o r  t h e s e  methods 

a r e :  

T a n g e n t i a l  Radiography 3 

Through-ultrasound w i t h  wheels  l* 

Contact  u l t r a s o n i c  p u l s e  echo 3 

CW-ultrasonic 2 * 

*Based on p r e v i o u s  tests w i t h  a f u l l - s c a l e  n o z z l e  
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TABLE V-I 

RATING O F  NDT TECHNIQUES FOR DETECTING ABLATIVE DISCREPANCIES 

Normal Through Eddy 
Defects X-ray - U1 t r a son ic  Current Inf rared  

Vol a t i  1 e Components 6% 
9 % 

Delamination 7 ply 
14 Ply 
28 P ~ Y  

Wrinkle 0.125 x 1 x 3 i n .  
0.25 x 1 x 3 i n .  
0.125 x 1.5 x 3 i n .  

Resin-Rich 10 ply 
20 Ply 

Resi n-Starved 10 ply 

Density 90% normal 
80% normal 

1,1,1 
1,131 

N.T. 

4,3,5 
N.T. 

N.T. 
N.T. 
N.T. 

N.T. ,3,4 
N.T. 
N.T. 

1 , I  ,N.T. 
N.T. 

N.T. 

N.T.,N.T.,l 
N.T. 
N .T. 

3,N.T.,N.T. 
N.T. 

N.T. 
N.T. 

Process Discrepancies 

Cure w i t h  low bag vacuum 1 ,2 ,2  4,4,4 N .T. N.T. 
Cure w i t h  low temperature 2,1,2 2,2 N.T. 

Cure with bag l eak  i n  debulk 4,2,5 4 ,4 $4  N.T. N.T. 
Cure w i t h  bag leak  f i n a l  cure  4,2,3 4,3,3 N.T. N.T. 

Cure w i t h  autoclave pressure 
low (125 p s i )  4,4,4 4,4,4 N.T. N.T. 

Control Specimen Negative Negative N.T. N .T. 
Control Specimen Negative Negative N.T. N.T. 

Ratings a r e  f o r  e x i t  cure,  t h r o a t  and ent rance  cap, i n  t h a t  order  

1 = Excellent  5 = Hopeless N.T. = No Test  
U = Method r e j ec t ed  on bas i s  of prel iminary t e s t s  
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Figu re  V - 1  
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F i g u r e  V-2 
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F igure  V-3 
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Figu re  V-4 
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F igure  V-5 



Figu re  V-6 
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F i g u r e  V-8 



NASA CR 72702 

Figu re  V-9 
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V I .  VERIFICATION FIRINGS 

A. STATIC TEST 

1, Procedure  

Twenty t e s t  motors w i t h  a t t a c h e d  n o z z l e  assembl ies  c o n t a i n i n g  

a b l a t i v e  components w i t h  i n t r o d u c e d  d i s c r e p a n c i e s  were s t a t i c a l l y  t e s t  f i r e d  i n  

t h e  nozzle-up c o n d i t i o n  dur ing t h e  p e r i o d  January  t o  May 1969. Measurements 

were  made of chamber p r e s s u r e  o n l y .  

To f a c i l i t a t e  motor h a n d l i n g ,  a  t e s t  f i x t u r e  was f a b r i c a t e d  

from f l a n g e d  s t e e l  p i p e  welded t o  a s t e e l  b a s e  p l a t e  f i t t e d  w i t h  s l o t s  t o  

a c c e p t  t h e  two f o r k s  of a  l i f t  t r u c k .  The i n s u l a t e d  chamber was i n s e r t e d  i n t o  

t h e  t e s t  f i x t u r e  and t h e  a f t  f l a n g e  of t h e  chamber was b o l t e d  t o  t h e  upper 

f l a n g e  of t h e  t e s t  f i x t u r e ,  as shown i n  F i g u r e  V I - 1 .  

To p r e p a r e  a  motor f o r  f i r i n g ,  t h e  p r o p e l l a n t  c a r t r i d g e ,  con- 

s i s t i n g  of a  PBB t y p e  p r o p e l l a n t  p r e v i o u s l y  c a s t  i n  a  paper-phenolic s l e e v e  and 

s t o r e d  i n  a c o n d i t i o n i n g  c e l l  a t  75 - + 10°F,was loaded i n t o  t h e  chamber ( F i g u r e  

VI-1). The motor a f t  c l o s u r e  w i t h  a t t a c h e d  nozz le  assembly was t h e n  f i t t e d  t o  

t h e  chamber ( F i g u r e  V I - 2 )  and t h e  r e t a i n e r s  (F igure  111-2) locked i n  p o s i t i o n .  

The assembled motor on t h e  t e s t  f i x t u r e  (F igure  VI-3) was placed i n  t h e  condi-  

t i o n i n g  c e l l ,  a packaged i g n i t e r  t aped  t o  t h e  c l o s u r e  (F igure  VI-4) and s t o r e d  

u n t i l  t h e  t e s t  bay was f r e e .  

I n  t h e  t e s t  bay,  p r e s s u r e  t r a n s d u c e r s  were a t t a c h e d  t o  t h e  f o r e  

end a s  shown i n  F i g u r e  V1-5 and checked o u t .  The i g n i t e r  was t h e n  lowered i n t o  

t h e  motor through t h e  nozz le  t h r o a t  opening ( F i g u r e  VI-6) and t h e  l e a d  w i r e s  

t aped  t o  t h e  n o z z l e  s h e l l .  F i g u r e  V1-7 shows t h e  motor i n  t h e  t e s t  bay,  r eady  

f o r  t e s t .  
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V 1 . A .  S t a t i c  Tes t  ( c o n t )  

A f t e r  each t e s t  f i r i n g ,  t h e  motor was d i sassembled ,and  t h e  

chamber and c l o s u r e  examined t o  de te rmine  t h e  e f f e c t  of t h e  t e s t  on t h e  i n e r t  

p a r t s  i n s u l a t i o n .  F i g u r e  VI-8 shows t h e  a f t  c l o s u r e  a f t e r  two f i r i n g s .  I t  was 

found t h a t  g e n e r a l l y  t h e r e  was on ly  a  s l i g h t  removal of i n s u l a t i o n  excep t  a t  

t h e  n o z z l e  opening; t h i s  a r e a  was patched w i t h  V-61 p o t t i n g  compound between 

f i r i n g s .  The chamber i n s u l a t i o n  .was v i r t u a l l y  u n a f f e c t e d  by f i r i n g  because  of 

t h e  p r o t e c t i o n  a f f o r d e d  by t h e  paper-phenolic s l e e v e  around t h e  p r o p e l l a n t .  

F i g u r e  VI-9 i s  a  photograph of t h e  motor a f t e r  tes t ,  showing t h e  c h a r r i n g  of 

t h e  s l e e v e  and p r o p e l l a n t  b a s e .  

2.  T e s t  R e s u l t s  

F i g u r e s  VI-10 through VI-29 a r e  t h e  p ressure - t ime  curves  of 

t h e  twenty v e r i f i c a t i o n  f i r i n g s  p l o t t e d  from d i g i t a l  r e a d o u t s .  Maximum and 

average  chamber p r e s s u r e s  were c a l c u l a t e d  from t h e  r e a d o u t s ;  burn time* w a s  

determined from t h e  c u r v e s .  A summary of t h e  v e r i f i c a t i o n  f i r i n g s  i s  shown i n  

Tab le  V I - 1 .  

T e s t  Numbers 2 and 3 ,  which were conducted wi th  b a s e l i n e  

n o z z l e  a s s e m b l i e s ,  i n d i c a t e  t h a t  t h e  b a s i c  motor and n o z z l e  des igns  were  accep t -  

a b l e ,  s i n c e  t h e  chamber p r e s s u r e s  and b u r n  t imes  meet t h e  program requ i rements  

(Sec t ion  111, A) and were  w i t h i n  3 percen t  of t h e  p r e d i c t e d  v a l u e s  of 603 p s i a  
2  

(4.15 MN/m ) a v e r a g e ,  and 25.78 s e c .  

B . PERFORMANCE 

A f t e r  s t a t i c  test ,  t h e  n o z z l e  components were removed from t h e  s t e e l  

* Burn Time - The i n t e r v a l  measured from 75% of maximum p r e s s u r e  dur ing  r i s e  t o  
t h e  p o i n t  t h e  p ressure - t ime  curve  which l i e s  on a  l i n e  b i s e c t i n g  t h e  a n g l e  
formed by t h e  t a n g e n t s  t o  t h e  curve  p r i o r  t o  and immediately a f  t e r  t h e  begin-  
n ing of t a i l - o f f ,  Cons t ruc t ion  l i n e s  a r e  shown i n  t h e  f i g u r e s .  
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s h e l l  and examined v i s u a l l y ,  F i g u r e s  VI-30 through VI-36 a r e  photographs of 

some d i s c r e p a n t  n o z z l e  components a f t e r  f i r i n g ,  

I n  g e n e r a l ,  t h e  forward ( s i l i c a )  p o r t i o n  of t h e  nozz le  e n t r a n c e  cap 

e x h i b i t e d  s e v e r e  a t t a c k .  F i g u r e s  VI-30 and VI-31 show t h e  appearance of t h e  

low-density e n t r a n c e  caps .  The 70 t o  80% dense  component ( F i g u r e  VI-30) exhib-  

i t e d  p r e f e r e n t i a l  r e s i n  removal between p l i e s  of t h e  s i l i c a  re in forcement  and 

c r a c k i n g ,  p a r t i c u l a r l y  a t  t h e  s i l i c a - c a r b o n  i n t e r f a c e .  Local  a t t a c k  ( p i n h o l e s )  

were observed i n  t h e  carbon p o r t i o n .  The 80 t o  90% dense  component ( F i g u r e  V I -  

31) e x h i b i t e d  t h e  same f e a t u r e s ,  b u t  t o  a  l e s s e r  degree .  The more dense  compo- 

n e n t s  were  n o t  s u b j e c t  t o  c r a c k i n g  o r  p inho l ing  and t h e  e r o s i o n  tended t o  b e  

l o c a l i z e d  a t  t h e  in t roduced  d i s c r e p a n c i e s ,  a s  i n d i c a t e d  i n  F igures  VI-32 and 

VI-33. 

M a t e r i a l  removal i n  t h e  n o z z l e  t h r o a t s  was g r e a t e r  a t  t h e  d e f e c t  

l o c a t i o n s ,  b u t  no c rack ing  w a s  observed.  F i g u r e  VI-34 shows t h e  o u t l i n e s  of a  

b a s e l i n e  t h r o a t  ( a )  and of f o u r  o t h e r s  w i t h  low d e n s i t y  ( b ) ,  r e s i n - r i c h  a r e a  ( c ) ,  

de lamina t ions  (d)  and w r i n k l e s  ( e ) ,  and i l l u s t r a t e s  t h e  non-uniformity of ero-  

s i o n  a s s o c i a t e d  w i t h  t h e  l o c a l  d e f e c t s .  

I n  t h e  e x i t  cone m a t e r i a l  removal was a l s o  g r e a t e r  a t  t h e  d e f e c t  

l o c a t i o n s ,  and except  i n  two i n s t a n c e s  no c rack ing  was observed.  I n  t h e  in -  

s t a n c e s  where c rack ing  o c c u r r e d ,  t h e  e x i t  cone c o n f i g u r a t i o n  was th in-wal led.  

( r e f e r  t o  S e c t i o n  V I ,  B ,  2  " S t r u c t u r a l  Performance") , F i g u r e  VI-35 shows t h e  

f a i l u r e  exper ienced w i t h  t h e  e x i t  cone f a b r i c a t e d  w i t h  28 p l i e s  of de lamina t ions .  

F i g u r e  VI-36 shows a  c r a c k  formed i n  t h e  e x i t  cone f a b r i c a t e d  wi th  0.125-in.  

(0.317cm) w r i n k l e s .  

Following t h e  v i s u a l  examination,  t h e  colnponents were s e c t i o n e d  a t  

f i v e  r a d i a l  l o c a t i o n s  - z e r o ,  90 ,  135,  180 and 270 d e g r e e s .  Measurements of 
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r e g r e s s i o n  and c h a r  dep th  were made a x i a l l y  a long  each of t h e  s e c t i o n s .  These 

were p l o t t e d  and a r e  shown i n  F i g u r e s  VI-37 through VI-56. 

A f t e r  measurements of r e g r e s s i o n  and char depth  had been  completed,  

samples of t h e  char  were  removed from t h e  t h r o a t  i n s e r t  and from t h e  s i l i c a  

p o r t i o n  of t h e  e x i t  cone,  a t  t h e  l o c a t i o n s  of t h e  in t roduced  d i s c r e p a n c i e s ,  

and t h e  d e n s i t i e s  were determined by weight-volume measurements. The c h a r  

d e n s i t i e s  a r e  r e p o r t e d  i n  Tab le  VI-2. 

1. A b l a t i v e  Performance 

The r e g r e s s i o n  and char  d e p t h s  were a d j u s t e d  t o  a  common b a s i s  
2 

of 600 p s i a  (4 .14  MN/m ) chamber p r e s s u r e  by m u l t i p l y i n g  t h e  measured v a l u e s  by 

a  f a c t o r  c a l c u l a t e d  from t h e  fo l lowing  r e l a t i o n s h i p :  

(Equat ion 2) 

where t h e  s u b s c r i p t  (0) r e f e r s  t o  t h e  measured r e g r e s s i o n ,  char dep th  and cham- 

ber  p r e s s u r e  f o r  each o f  t h e  i n d i v i d u a l  f i r i n g s ,  Tab les  VI-3 through VI-6 show 

t h e  c o r r e c t e d  r e g r e s s i o n  and char  dep ths  a t  t h e  a x i a l  l o c a t i o n s  a t  which t h e  

d i s c r e p a n c i e s  were  p r e s e n t ,  Also shown a r e  t h e  r e g r e s s i o n  and c h a r r i n g  r a t e s ,  

c a l c u l a t e d  by d i v i d i n g  t h e  t o t a l  dep ths  by t h e  r e s p e c t i v e  motor burn t imes .  

I n  t h e  MX-2600 e n t r a n c e  s e c t i o n  ( s e e  Table  VI-3) t h e  regres -  

s i o n  r a t e  w a s  found t o  b e  dependent upon t h e  r e l a t i v e  number o r  s e v e r i t y  of 

t h e  in t roduced  d i s c r e p a n c y ,  The maximum r e g r e s s i o n  r a t e  (20.03 m i l s / s e c  = 0 . 5 1  

rnm/sec) was exper ienced  i n  t h e  r e s i n  s t a r v e d  m a t e r i a l ,  fo l lowed by t h e  70 t o  

80% dense component (17 '39 m i l s / s e c  = 0.44 rnmlsec) , Cure c y c l e  v a r i a t i o n s  

invo lv ing  equipment m a l f u n c t i o n  had no e f f e c t  on r e g r e s s i o n .  The two b a s e l i n e  

components e x h i b i t e d  a n  average  r e g r e s s i o n  r a t e  of 10.24 m i l s / s e c  (0.26 mm/sec) 

and a c h a r r i n g  r a t e  of 13.84 m i l s / s e c  (0 .35 mm/sec). 
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A t  t h e  minimum t h r o a t  d iamete r  (Table  VI-4), t h e  maximum 

r e g r e s s i o n  r a t e  of 12.98 m i l s / s e c  (0.33 mm/sec) occurred i n  t h e  MX-4926 compo- 

n e n t  f a b r i c a t e d  t o  a  d e n s i t y  of 70 t o  80 p e r c e n t  of normal.  The r e g r e s s i o n  

r a t e  of t h e  t h r o a t  c o n t a i n i n g  28 delaminated p l i e s  was a lmost  a s  h i g k 1 2 . 9 0  

m i l s / s e c  (0.33 mm/sec). Res in  s t a r v a t i o n  and c u r e  c y c l e  v a r i a b l e s  due t o  equip- 

ment mal func t ions  had no a p p r e c i a b l e  e f f e c t .  I n  t h e  two b a s e l i n e  t h r o a t s  aver -  

a g e  r e g r e s s i o n  r a t e  was 7.425 m i l s / s e c  (0.185 mm/sec) and c h a r r i n g  r a t e  w a s  

14.05 m i l s / s e c  (0 .36 mmlsec). 

The maximum r e g r e s s i o n  r a t e  i n  t h e  MX-4926 e x i t  cone forward 

s e c t i o n  (from Table  VI-5) w a s  11.89 m i l s / s e c  (0 .30 mm/sec), i n  t h e  10-ply 

r e s i n - r i c h  m a t e r i a l .  T h i s  r a t e  was a lmost  twice  a s  h i g h  a s  t h a t  observed i n  

components con ta in ing  0 .375- in .  w r i n k l e s  (6.50 m i l s / s e c  = 0 ,17  mmlsec) and 80 

t o  90 p e r c e n t  d e n s i t y  (6 .35 m i l s / s e c  = 0.16 mm/sec). Equipment mal func t ions  

had no e f f e c t  on r e g r e s s i o n ,  The average r e g r e s s i o n  r a t e  of t h e  two b a s e l i n e  

components w a s  2.08 m i l s / s e c  (0 ,055  mm/sec) and t h e  average c h a r r i n g  r a t e  was 

11 n i l s / s e c  (0 .28 mm/sec) . 

The maximum r e g r e s s i o n  r a t e  i n  t h e  MX-2600 e x i t  cone a f t  

s e c t i o n  (Table  VI-5) was exper ienced  i n  t h e  r e s i n - s t a r v e d  m a t e r i a l  (3.85 m i l s /  

S ~ C  = 0 ,098  mm/sec). Cure c y c l e  v a r i a t i o n s  caused by equipment mal func t ions  

had no observab le  e f f e c t .  The average r e g r e s s i o n  r a t e  of t h e  b a s e l i n e  compo- 

n e n t s  was 1 . 7 1  m i l s / s e c  (0.045 mm/sec) and t h e  average  c h a r r i n g  r a t e  was 7.02 

m i l s / s e c  (0 .178 n?m/sec). 

2 .  S t r u c t u r a l  Performance 

A s  t h e  mechanical  and p h y s i c a l  p r o p e r t i e s  of t h e  d i s c r e p a n t  

components were determined,  i t  became apparen t  t h a t  t h e r e  was l i t t l e  l i k e l i -  

hood that  s t r u c t u r a l  f a i l u r e s  would occur i n  t h e  n o z z l e  assembly a s  o r i g i n a l l y  
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des igned .  To i n c r e a s e  t h e  p r o b a b i l i t y  of s t r u c t u r a l  f a i l u r e ,  t h e  a b l a t i v e  

e x i t  s e c t i o n  and s t e e l  suppor t  s h e l l  were modi f i ed ,  a s  shown i n  F i g u r e  VI-57. 

The removal of t h e  overwrap i n s u l a t i o n  was i n s t r u m e n t a l  i n  

producing t h e  f a i l u r e  noted i n  F i g u r e  VI-35, i n  which 28 delaminated p l i e s  

were in t roduced  i n t o  t h e  n o z z l e  components. Examination of t h e  f a i l u r e  i n d i -  

c a t e d  t h a t  burnthrough occurred a t  and a f t  of t h e  delaminated s e c t i o n ,  a f t e r  

which t h e  e x i t  cone unwound c i r c u m f e r e n t i a l l y  and e j e c t e d .  A close-up of t h e  

f a i l u r e  o r i g i n  i s  shown i n  F i g u r e  VI-58. When one end of t h e  delaminated p l i e s  

i s  s e a l e d ,  burnthrough and subsequent  f a i l u r e  cannot  occur a s  i n d i c a t e d  by t h e  

absence of burnthrough and f a i l u r e  i n  t h e  e n t r a n c e  cap,  t h r o a t  i n s e r t ,  and 

forward e x i t  s e c t i o n s  of t h i s  same n o z z l e .  A l l  of t h e s e  con ta ined  28 delami- 

na ted  p l i e s  covered by i n s u l a t i o n  overwraps.  Th is  i s  f u r t h e r  confirmed by t h e  

absence  of f a i l u r e  i n  t h e  a f t  e x i t  s e c t i o n  c o n t a i n i n g  seven delaminated p l i e s ,  

a l l  of which were s e a l e d  a t  t h e  O . D .  s u r f a c e .  F i g u r e  VI-59 shows t h i s  e x i t  

s e c t i o n  a f t e r  s t a t i c  t e s t .  

Gross p l y  s e p a r a t i o n  and c rack ing  occur red  i n  t h r e e  n o z z l e  

components-the a f t  e x i t  s e c t i o n  c o n t a i n i n g  0.125-in.  wr ink les  and t h e  e n t r a n c e  

c a p s  f a b r i c a t e d  t o  70 t o  80 p e r c e n t  d e n s i t y .  F i g u r e  VI-60 shows t h e  e x i t  sec -  

t i o n ,  w i t h  a  c r a c k  extending f o r  120 d e g r e e s ;  F i g u r e s  VI-61 and VI-62 show 

c r a c k s  a t  and near  t h e  c a r b o n - s i l i c a  i n t e r f a c e  of t h e ' 7 0  t o  80 p e r c e n t  d e n s i t y  

e n t r a n c e  cap .  F u r t h e r  examinat ion of a l l  low d e n s i t y  e n t r a n c e  caps  l e a d s  t o  

t h e  conc lus ion  t h a t  t h e  c rack ing  was a s s o c i a t e d  w i t h  wr ink les  ( s e e  F i g u r e s  VI-30 

and VI-31). No w r i n k l e s  nor c rack ing  were observed i n  t h e  vacuum bagged e n t r a n c e  

cap,  which had been  f a b r i c a t e d  t o  a  h i g h  as-wrapped d e n s i t y ,  
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TABLE VI-1 

SUMMARY OF VERIFICATION FIRINGS 

Burn Time, 
Test No. Discrepancy sec 

Autoclave, 125 psig 635.5 (4.38) 
None (Base1 i ne) 642.5 (4.43) 

None (Baseline) 670.5 (4.62) 

Vacuuni 6ag, 25 in. lig 638.0 (4.4) 

Bag Leak, Debul k 665.0 (4.59 

Bag Leak, Final Cure 657.0 (4.53) 

Resin-Rich, 20 pl ies 680.0 (4.69) 

Delams, 14 plies 654.0 (4.51) 
Wrinkles, 0.25-in. 659.0 (4.54) 

Resin-Starved, 10 plies 646.5 (4.46) 

Temperature boss, Debul k 658.0 (4.54) 

9% Volati les 651.8 (4.49) 
Delams, 28 plies 632.5 (4.36) 

6% Volatiles 635.0 (4.38) 
Wrinkles, 8.375-in. 633.0 (4.36) 

70 to 80% Density 557.0 (3.84) 

Resin-Rich, 10 plies 610.5 (4.21) 
Belams, 7 plies 632,5 (4.36) 

Wrinkles, 0,725-in. 626.0 (4.32) 
80 t o  90% Dens i ty 600.5 (4.14) 
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TABLE VI-2 

DENSITIES OF CHARRED NOZZLE COMPONENTS 

Discrepancy Mater i  a1 

None (Base1 i n e )  MX-4926 

MX- 2600 

Vacuum Bag, 25 i n .  Hg MX-4926 
MX-2600 

Autoclave, 125 p s i g  MX-4926 
MX-2600 

Eag Leak, Debul k MX-4926 
MX- 2600 

Bag Leak, Debul k MX-4926 
MX-2600 

Temperature Loss, MX-4926 
Debul k MX-2600 
70 t o  80% Densi ty  MX-4926 

MX-2600 
80 t o  90% Densi ty  MX-4926 

MX-2600 
6% V o l a t i l e s  MX-4926 

MX-2600 
9% V o l a t i l e s  FIX-4926 

MX-2600 
Wrinkles, 0.125-in. MX-4926 

MX-2600 
Nr ink les ,  0.25- in.  MX-4926 

MX-2600 
Wrinkles, 0.375-in. MX-4926 

MX-2600 
Resin-Rich, 10 p l i e s  MX-4926 

MX-2600 
Resin-Rich, 20 p l i e s  MX-4926 

MX-2600 
Res i n-S tarved, 10 p l  i es MX-4926 

MX-2600 
Del aminat ions , 7 p l  i e s  MX-4926 

MX-2600 
Delami nat ions,  14 p l  i e s  MX-4926 

MX-2600 
Delaminations, 28 p l i e s  MX-4926 

MX-2600 

Locat i  on 

Throat 

E x i t  

Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
Throat 
E x i t  
l h r o a  t 
E x i t  
Throat 
E x i t  
Throat 
E x i t  

Dens i ty , 
1b/cu f t  gm/cc 

68.0 1.09 
67.4 1.08 
87.4 1.40 
88.0 1.41 
53.1 0.85 
84.3 1.35 
67.4 1.08 
88.0 1.41 
67.4 1.08 
88.7 1.42 
73.7 1 .18 
88.0 1.41 
69.9 1.12 
79.3 1.27 
54.3 0.87 
86.8 1.39 
54.9 0.88 
71.8 1.15 
56.8 0.91 
84.9 1.36 
64.9 1.04 
81.2 1.30 
77.4 1.24 
- - 

71.2 1.14 
85.5 1.37 
73.7 1.18 
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Loading P rope l l an t  C a r t r i d g e  I n t o  Motor 

F igure  V I - 1  
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Figu re  V I - 3  
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F i g u r e  VI--4  
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F i g u r e  V I - 5  



NASA CR 72702 

R e t a i n e r s  i n  Locked P o s i t i o n  

F i g u r e  V I - 6  
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Motor i n  Tes t  Bay Ready f o r  Tes t  

F igure  V I - 7  
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A£ t Closure  a£ ter  D..Jo F i r i n g s  

F igure  V I - 8  



C a r t r i d g e  S l e e v e  and Base a f t e r  F i r i n g  

F i g u r e  VI-9 
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F i g u r e  VI-10 
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F i g u r e  V I - 1 1  
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F i g u r e  V I - 1 2  
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F i g u r e  V I - 1 3  
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F i g u r e  VI-15 
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Figure VI-16 
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Figure V1-19 
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F i g u r e  VI-20 
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Figu re  V1-22 
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F i g u r e  Vh-23 
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F i g u r e  VI-24 



F i g u r e  VI-25 



F i g u r e  VI-26 
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70 t o  80 Percent Dense Entrance Cap 

Figure VI-30 



Figu re  VI-31 
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Shadowgraph of (a) Baseline Throat (b) Low-Density 
(c) Resin-Rich (d) Delaminations and (e) Wrinkles 

Figure VI-34 
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F i g u r e  VI-35 
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NOZZLE CROSS-SECTION AT US' 

Regression and Char Depth in Nozzle S/N 001 

Figure VI-37 
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NOZZU CROSS-SECTION AT 0' AND d 

NOZZ~E CROSS-SECTION AT 90' AND 270' 

NOZZLE CROSS-SECTION AT 135' 

DEVIATION NOZZLE ASSEMBLY NUMBER 1147248-- 

Regress ion  and Char Depth i n  Nozzle S/N 002 

F i g u r e  VI-38 
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NOZZLE CROSS-SECTION AT US' 

Regression and Char Depth i n  Nozzle S/N 003 

F igure  VI-39 
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NOZZtE CROSS-SECTION AT 0' AND 180' 

NOZZLE CROSS-SECTION AT 90' AND 270' 

NOZZLE CROSS-SECTION AT 135' 

Regress ion  and Char Depth i n  Nozzle S/N 004 

F i g u r e  VI-40 
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DEVIATION NOZZLE ASSEMBLY NUMBER 1147248-- 

NOZZLE CROSS-SECTION AT 135' 

Regression and Char Depth i n  Nozzle S/N 005 

F igure  VI-41 
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Regression and Char Depth i n  Nozzle S/N 006 

F igure  VI-42 
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V I I ,  

Any rocket  motor nozz le  design r ep resen t s  an engineering s o l u t i o n  t o  

t h e  problem of conta in ing  and d i r e c t i n g  a cor ros ive  p rope l l an t  exhaust a t  

p ressures  and temperatures h igher  than ambient. For an uncooled nozzle  

f a b r i c a t e d  from a r e in fo rced  a b l a t i v e  composite, t h e  s o l u t i o n  c o n s i s t s  o f ,  

f i r s t ,  def in ing  t h e  l o c a l  thermal environment a t  t h e  exposed su r f aces ;  second, 

es t imat ing  the  a b l a t i v e  response of t h e  exposed m a t e r i a l  t o  t he  p rope l l an t  

exhaust products;  and t h i r d ,  computing t h e  t r a n s i e n t  response of a composite 

m a t e r i a l  t h a t  r e a c t s  a t  t he  h o t  su r f ace ,  decomposes i n  depth, and is subjec ted  

t o  mechanical s t r a i n s  generated by pressure  loads and modified by thermal 

expansion. A nozzle  design is  thus a performance p red ic t ion ,  and the  s u i t -  

a b i l i t y  of t he  design can be judged by the  accuracy of t h e  p red ic t ion  tech- 

niques.  

The following s e c t i o n  descr ibes  t h e  a n a l y t i c a l  techniques used t o  

v e r i f y  t he  a b l a t i v e  and s t r u c t u r a l  s u i t a b i l i t y  of t h e  b a s i c  nozzle  design,  

modi f ica t ions  of t h e  techniques t o  s e t  b a s e l i n e  condi t ions ,  and t h e  e s t ab l i sh -  

ment of p red ic t ion  techniques f o r  nozz les  containing a b l a t i v e  and s t r u c t u r a l  

d i screpancies .  

A. HEAT TRANSFER ANALYSIS 

1. V e r i f i c a t i o n  of Basic  Nozzle Design 

The need f o r  a r igorous ,  r e a l i s t i c  thermal a n a l y s i s  technique 

r e q u i r e s  techniques t h a t  encompass a l l  modes of h e a t  and mass t r a n s f e r ,  includ- 

i ng  convection, r a d i a t i o n ,  conduction, and corrosion-erosion. 

a .  Exhaust Gas Composition and Transport  P rope r t i e s  

The l o c a l  thermal environment must be evaluated independ- 

e n t l y  and used a s  input  t o  t h e  char r ing-abla t ion  computer program. To e s t a b l i s h  
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V1I.A. Heat T r a n s f e r  Ana lys i s  ( con t )  

I n  t h e  c a l c u l a t i o n  of h e a t  t r a n s f e r  c o e f f i c i e n t s  v i s c o s i t y  

i s  assumed t o  v a r y  as t h e  0.65 power of temperature .  The remainder of t h e  l i s t e d  

p r o p e r t i e s  a r e  assumed t o  be  independent  of t h e  t empera tu re .  

b .  Flow F i e l d  Ana lys i s  

S ince  t h e  l o c a l  convec t ive  h e a t  t r a n s f e r  i s  dependent ,  

n o t  o n l y  on t h e  l o c a l  f low c o n d i t i o n s ,  b u t  a l s o  on t h e  upst ream development 

of t h e  boundary l a y e r ,  t h e  p roduc t  of l o c a l  d e n s i t y  and t h e  v e l o c i t y  component 

p a r a l l e l  t o  t h e  w a l l  i s  r e q u i r e d  t o  f a c i l i t a t e  h e a t  f l u x  c a l c u l a t i o n s .  Three  

s e p a r a t e  methods were a p p l i e d  a t  v a r i o u s  r e g i o n s  t o  c a l c u l a t e  t h e  l o c a l  s u r -  

f a c e  mass f l u x e s  w i t h i n  t h e  nozz le .  

S ince  t h e  t e s t  motor was des igned t o  i n c o r p o r a t e  a  c o r e  

( i n t e r n a l )  burning g r a i n ,  f low c o n c e n t r a t i o n s  due t o  g r a i n  d e s i g n  a r e  e l i m i -  

na ted  and t h e  i n i t i a l  f low s t r e a m l i n e s  a r e  uniform and axisymmetric.  Thus, t h e  

u s e  of one-dimensional i s e n t r o p i c  f low r e l a t i o n s h i p s  i s  cons idered  a p p l i c a b l e  

i n  h igh  subson ic  a r e a  r a t i o  r e g i o n s  of t h e  nozz le .  Th i s  method, i n  a d d i t i o n  

t o  i t s  obvious  e a s e  of c a l c u l a t i o n ,  p r o v i d e s  r e a s o n a b l e  e s t i m a t e s  over  more 

r i g o r o u s  methods such a s  p o t e n t i a l  f low theory  i n  a r e a s  where t h e  w a l l  curva- 

t u r e  i s  n o t  e x c e s s i v e .  

The e n t r a n c e  of t h e  test n o z z l e  i s  i n  t h e  same c a t e g o r y  

(45 d e g r e e  h a l f - a n g l e  convergent  s e c t i o n ) ,  consequen t ly  t h e  assumption is  made 

t h a t  t h e  v e l o c i t y  and o t h e r  p r o p e r t i e s  v a r y  a long  and n o t  a c r o s s  s t r e a m l i n e s .  

Using t h e  mass c o n t i n u i t y  r e l a t i o n s h i p  and t h e  f a c t  t h a t  t h e  maximum mass f low 

i s  dependent on ly  on t h e  upstream p r e s s u r e ,  t h e  l o c a l  mass f l u x  becomes a  

f u n c t i o n  of a r e a  r a t i o  on ly .  
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V 1 I . A .  Heat T r a n s f e r  Ana lys i s  ( c o n t )  

Thus 

and,  

t h e r e f o r e ;  

(pV) l o c a l  = 
t 

A l o c a l  (pV)max 
(Equat ion 3) 

This  one-dimensional approximat ion i s  cons idered  v a l i d  

f o r  p r e d i c t i n g  t h e  f low along t h e  chamber s i d e  w a l l  and t h e  c o n i c a l  convergent  

s e c t i o n .  However, i n  t h e  subson ic  r e g i o n  n e a r  t h e  geometr ic  t h r o a t ,  t h e  in -  

f l u e n c e s  of w a l l  c u r v a t u r e ,  p r e s s u r e  g r a d i e n t s  and t h e  boundary l a y e r  a c c e l e -  

r a t e s  t h e  f l o w  t o  s l i g h t l y  h i g h e r  Mach number than p r e d i c t e d  by Equat ion 3. 

Thus, t h e  u s e  of cold-flow model p r e s s u r e  measurements was used t o  p r e d i c t  

l o c a l  s u r f a c e  mass f l u x  i n  t h i s  a r e a .  The i n t e r n a l  contour  of t h e  t e s t  n o z z l e  

is  formed by a c o n s t a n t  3 .5  i n .  (7.26 cm) r a d i u s  c i r c u l a r  a r c  ( r a d i u s  r a t i o  

2 : l )  which i s  tangen t  t o  a 45 and 1 7 . 5  d e g r e e  ha l f -ang le  e n t r a n c e  and e x i t  cone,  

r e s p e c t i v e l y .  This  p a r t i c u l a r  c o n f i g u r a t i o n  has  been t e s t e d  and t h e  l o c a l  s u r -  

f a c e  Mach numbers up t o  and i n c l u d i n g  t h e  t h r o a t  s t a t i o n  have been measured by 

t h e  above no ted  cold-flow techn ique .  I n  t h e  superson ic  r e g i o n ,  t h e  f low f i e l d  

was o b t a i n e d  by t h e  "Method of C h a r a c t e r i s t i c s "  us ing  a n  e f f e c t i v e  i s e n t r o p i c  

exponent (Y = 1 .2)  . 

The t h r e e  s e p a r a t e  methods d e s c r i b e  t h e  e n t i r e  f low f i e l d  

a s  d e p i c t e d  i n  F i g u r e  V I I - 1 .  Here t h e  l o c a l  s u r f a c e  Mach number i s  p l o t t e d  a s  

a  f u n c t i o n  of a x i a l  s t a t i o n .  As no ted ,  t h e  a c t u a l  Mach number a t  t h e  geomet r ic  

t h r o a t  i s  approximately  1 .14 w h i l e  t h e  s o n i c  p o i n t ,  which c o i n c i d e s  w i t h  t h e  

peak h e a t  f l u x ,  o c c u r s  s l i g h t l y  upstream. 
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VI1.A. Heat T r a n s f e r  Ana lys i s  ( con t )  

c .  Heat T r a n s f e r  C r i t e r i a  

Having d i s c u s s e d  t h e  p r e l i m i n a r y  d a t a  requ i rements ,  i . e . ,  

t h e  exhaus t  gas  composi t ion t r a n s p o r t  p r o p e r t i e s  and t h e  l o c a l  f low f i e l d ,  

t h e r e  remains  t h e  problem of e s t a b l i s h i n g  t h e  n e t  h e a t  f l u x  from t h e  two-phase, 

h i g h  t empera tu re  exhaus t  gas  t o  t h e  exposed s u r f a c e  of t h e  nozz le .  The b a s i c  

mechanisms which govern t h i s  energy t r a n s f e r  can be  p laced  i n  t h r e e  c a t e g o r i e s :  

- convec t ion  from t h e  g a s e s  

- r a d i a t i o n  from m e t a l  o x i d e s  ( p a r t i c l e s )  

- energy due t o  p a r t i c l e  impingement 

The methods used d u r i n g  t h i s  program t o  e v a l u a t e  each 

mode of h e a t  t r a n s f e r  a r e  d i s c u s s e d  i n  t h e  fo l lowing  paragraphs .  

(1) Convect i o n  

The r a t e  of h e a t  t r a n s f e r  between any h igh-ve loc i ty  

f l u i d  and i t s  bonding s u r f a c e s  can b e  expressed by a n  e q u a t i o n  of t h e  form: 

(Equat ion 4) 

Thus, t o  p r e d i c t  convec t ion  h e a t  f l u x e s ,  t h e  d r i v i n g  temperature ,  TBL, and t h e  

a p p r o p r i a t e  c o e f f i c i e n t ,  hc ,  r e p r e s e n t  t h e  unknowns t h a t  must be  e v a l u a t e d .  

The i n s t a n t a n e o u s ,  local .  w a l l  t empera tu re ,  Tw, u s u a l l y  i s  known o r  can b e  com- 

puted as p a r t  of a  t r a n s i e n t  thermal  a n a l y s i s .  
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V L 1 . A .  Meat T r a n s f e r  A n a l y s i s  ( con t )  

A  s t a n d a r d  approach has  been adopted t o  e v a l u a t e  

t h e  d r i v i n g  t empera tu re .  From t h e  w e l l  e s t a b l i s h e d  boundary l a y e r  c o n c e p t ,  

where t h e  f low v e l o c i t y  is r e t a r d e d  a s  t h e  w a l l  i s  approached, a n  energy b a l -  

ance  o r  a n  a d i a b a t i c  s u r f a c e  i n d i c a t e s  t h e  maximum tempera tu re  t h e  s u r f a c e  

could  a t t a i n  t o  be  s l i g h t l y  l e s s  t h a n  t h e  t o t a l  t empera tu re  of t h e  surround- 

i n g  f l u i d .  

The d r i v i n g  t empera tu re  can t h e n  b e  expressed  i n  

terms of a n  i s e n t r o p i c  exponent and t h e  l o c a l  Mach number by t h e  express ion :  

(Equat ion 5 ) 

I n  t h i s  e x p r e s s i o n ,  t h e  recovery f a c t o r  denoted by 

"r" is r e l a t e d  t o  t h e  P r a n d t l  number, eva lua ted  by t h e  method o u t l i n e d  i n  t h e  

p r e v i o u s  s e c t i o n ,  by t h e  r e l a t i o n  which i s  a p p r o p r i a t e  f o r  t u r b u l e n t  flow: 

r = ( P r )  113 (Equat ion 6 ) 

The method used f o r  e v a l u a t i n g  t h e  h e a t  t r a n s f e r  

c o e f f i c i e n t s  i s  e s s e n t i a l l y  t h e  i n t e g r a l  boundary l a y e r  growth method d e r i v e d  

by E l l i o t t ,  Bar tz ,  and S i l v e r  (Reference 1 4 ) .  Th i s  procedure  i s  d i r e c t e d  

toward axisymmetr ic  n o z z l e  f low,  and c o n s i d e r s  t h e  e f f e c t  of p r e s s u r e  g r a d i e n t  

on t h e  s imul taneous  s o l u t i o n  of t h e  momentum and energy e q u a t i o n s .  The boundary 

l a y e r  shape  paramete rs  a r e  approximated us ing  a  one-seventh power p r o f i l e  of 

v e l o c i t y  and s t a g n a t i o n  t empera tu re ,  w h i l e  sk.in f r i c t i o n  and S t a n t o n  nmmbers 

a r e  e v a l u a t e d  a s  a  f u n c t i o n  of t h e  boundary l a y e r  t h i c k n e s s  by u s e  of Von 

Karman's form of t h e  Reynolds '  analogy.  The l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  

(hc) i s  r e l a t e d  t o  t h e  S tan ton  number (C ) and t h e  s u r f a c e  mass f l u x e s  by t h e  h  
e x p r e s s i o n :  

(Equat ion 7 1 

The boundary l a y e r  a n a l y s i s  is used t o  c a l c u l a t e  S t a n t o n  number a s  a  f u n c t i o n  

of n o z z l e  l o c a t i o n .  
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(2)  R a d i a t i o n  

I n  ana lyz ing  t h e  e r o s i o n  and/or  t empera tu re  pre-  

d i c t i o n s ,  t h e  thermal  r a d i a t i o n  between t h e  exhaus t  p roduc t s  and t h e  exposed 

w a l l  c a n  b e  n e g l e c t e d .  Th is  conc lus ion  h a s  been s u b s t a n t i a t e d  by development 

of an  a n a l y t i c a l  t echn ique  f o r  c a l c u l a t i o n  of p a r t i c l e  r a d i a t i o n  e f f e c t s .  The 

s i g n i f i c a n t  assumptions  i n c o r p o r a t e d  i n  t h i s  model a r e  a s  fo l lows :  The s o l u -  

t i o n  c o n s i d e r s  t h e  r a d i a n t  h e a t  t r a n s f e r  between a  bounding s u r f a c e  and par-  

t i c i p a t i n g  medium. Within  t h e  medium (an a n i s o t r o p i c a l l y  s c a t t e r i n g ,  absorb-  

i n g ,  and e m i t t i n g  c loud)  convec t ive  h e a t  t r a n s f e r  between t h e  p a r t i c l e s  and 

t h e  gas ,  between t h e  t u r b u l e n t  boundary l a y e r  and t h e  p l a t e ,  and t h e  energy 

b a l a n c e  which r e l a t e s  t h e  t empera tu re  g r a d i e n t  p a r a l l e l  t o  t h e  p l a t e  w i t h  t h e  

h e a t  f l u x  normal t o  t h e  p l a t e  i s  inc luded .  The r e s u l t i n g  t echn ique  which 

r e p r e s e n t s  a n  a n a l y t i c a l  e s t i m a t e  of t h e  n e t  a b s o r p t i o n ,  emiss ion ,  and the rmal  

s c a t t e r i n g  of t h e  i n d i v i d u a l  p a r t i c l e s  w i t h i n  t h e  c loud i n d i c a t e  t h a t  t h e  

r a d i a t i o n  h e a t  f l u x  t o  t h e  w a l l  i s  t y p i c a l l y  l e s s  t h a n  5% of t h e  i s o t h e r m a l  

blackbody c a l c u l a t i o n .  S ince  t h e  added complexi ty  of e s t i m a t i n g  t h e  e f f e c t i v e  

e m i t t a n c e  f o r  each a n a l y s i s  s t a t i o n  i s  n o t  warranted because  of t h e  s m a l l  pre-  

d i c t e d  c o n t r i b u t i o n  i t  i s  cons idered  v a l i d  t o  i g n o r e  t h e  r a d i a t i o n  c o n t r i b u t i o n  

i n  a n a l y z i n g  t h e  h e a t  f l u x  t o  t h e  exposed s u r f a c e s  d u r i n g  a  f i r i n g .  

(3) P a r t i c l e  Impingement 

The a n a l y t i c a l  method t h a t  h a s  c o n t r i b u t e d  t o  t h e  

unders tand ing  of t h e  impingement problem i s  t h e  d e t e r m i n a t i o n  of p a r t i c l e  t r a -  

j e c t o r i e s  from a  knowledge of t h e  g a s  f low f i e l d .  The u s u a l  p rocedure  i s  t o  

f i r s t  approximate t h e  gas-flow E i e l d  by any of t h e  p r e v i o u s l y  d i s c u s s e d  methods 

( p o t e n t i a l  f low,  co ld  f l o w ) .  Then, u s i n g  t h e  second law of motion and an  

a p p r o p r i a t e  d r a g  law f o r  v a r i o u s  s i z e d  p a r t i c l e s ,  t h e  v e l o c i t y  and d i r e c t i o n  

o f  each i n d i v i d u a l  p a r t i c l e  can be t r a c e d  through t h e  chamber t o  p r e d i c t  l o c a l  

a r e a s  of impingement. P rev ious  a p p l i c a t i o n  of t h i s  technique h a s  r e v e a l e d  t h a t  
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e n t r a n c e  r e g i o n s  could  b e  des igned  t o  minimize t h e  e f f e c t s  of p a r t i c l e  impacts .  

For  example, i f  the w a l l  c u r v a t u r e  i s  g r a d u a l  t h e  p a r t i c l e  impact ion can t h e n  

be  i g n o r e d .  Also,  g r a i n  d e s i g n  h a s  a n  impor tan t  i n f l u e n c e  on impact ion.  I t  

h a s  been found, f o r  example, t h a t  c y l i n d r i c a l  p o r t s  o r  end-burning g r a i n s  a r e  

d e s i r a b l e  i n  reducing p a r t i c l e  e f f e c t s .  S ince  t h e  t e s t  motor was des igned a s  

a n  end-burner,  t h e  r o l e  of p a r t i c l e  impingement is  b e l i e v e d  t o  b e  much l e s s  

impor tan t  than  e i t h e r  t h e  r a d i a t i o n  o r  convec t ion  c o n t r i b u t i o n .  

I n  summary, f o r  t h e  thermal  a n a l y s i s  of t h e  b a s i c  

n o z z l e ,  t h e  n e t  h e a t  f l u x  t o  t h e  n o z z l e  s u r f a c e s  can be  cons idered  t o  be  gov- 

e rned  s o l e l y  by Equat ion . The l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h c ,  evalu- 

a t e d  u s i n g  a  boundary l a y e r  growth s o l u t i o n ,  i s  shown a s  a  f u n c t i o n  of nozz le  

a x i a l  l e n g t h  i n  F i g u r e  V I I - 1 .  Also p r e s e n t e d  i n  t h i s  f i g u r e  i s  t h e  Mach number 

d i s t r i b u t i o n ,  which t o g e t h e r  w i t h  an  i s e n t r o p i c  exponent (y - 1 . 2 )  c h a r a c t e r i z e s  

t h e  f l o w  f i e l d .  Each of t h e s e  curves  r e p r e s e n t s  v a l u e s  f o r  t h e  o r i g i n a l  non- 

eroded c o n t o u r .  The e i g h t  a n a l y s i s  s t a t i o n s  w i t h i n  t h e  n o z z l e  a r e  d e f i n e d  i n  

Tab le  VII-2. The h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  no ted  t o  v a r y  w i t h i n  t h e  ana- 
2 2 

l y s i s  r e g i o n s  between v a l u e s  of 249 (1412) t o  1535 B t u / h r / f t  - O F  (8703 W/m k). 

I n  a d d i t i o n ,  s i n c e  t h e  g r a i n  d e s i g n  i s  n o t  n e u t r a l  

and t h r o a t  a r e a  is  changing,  i t  i s  necessa ry  t o  a d j u s t  t h e  above h e a t  t r a n s f e r  

c o e f f i c i e n t s  t o  compensate f o r  v a r i a t i o n s  i n  chamber p r e s s u r e .  It i s  t o  be 

no ted  t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  g iven  i n  F igures  V I I - 1  and Table 

V I I - 2  r e p r e s e n t  v a l u e s  a t  a  chamber p r e s s u r e  of 500 p s i a .  For any s p e c i f i e d  

p r e s s u r e  they  were v a r i e d  accord ing  t o  t h e  fo l lowing  e x p r e s s i o n .  

(HTC) = h  
c (PC = 500) (p~1500)  ' 8  (Equat ion 8 )  
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d .  Thermal Behavior of a P l a s t i c  Abla to r  

Typica l  i n s u l a t i o n  m a t e r i a l s  f o r  l a r g e  b o o s t e r  a p p l i c a -  

t i o n  are composites t h a t  c o n s i s t  of a r e s i n  system and i n o r g a n i c  f i l l e r s .  I n  

t h e  a n a l y t i c a l  t r e a t m e n t  of such a composi te ,  t h e  r e s i n  component i s  cons idered  

t o  have a f r a c t i o n  t h a t  decomposes when it i s  h e a t e d  and a r e s i d u a l  ( c h a r )  t h a t  

remains a f t e r  decomposi t ion.  I n  d i s c u s s i n g  t h e  r o l e  of t h e  v a r i o u s  components, 

i t  i s  conven ien t  t o  d i v i d e  t h e  m a t e r i a l  i n t o  t h r e e  d i s t i n c t  zones:  t h e  v i r g i n  

m a t e r i a l ,  t h e  decomposit ion zone, and t h e  f u l l y  char red  zone. 

I n  t h e  v i r g i n  l a y e r ,  t h e  thermal  t r a n s p o r t  phenomena a r e  

r e l a t i v e l y  s imple .  S i n c e  t empera tu res  a r e  r e l a t i v e l y  low, t h e r e  a r e  n e g l i g i b l e  

changes i n  m a t e r i a l  p r o p e r t i e s  and t h e  thermal  r e s p a n s e  i s  d e f i n e d  by s imple  

conduct ion and a b s o r p t i o n  of s e n s i b l e  energy.  

Within t h e  decomposit ion zone, t h e  m a t e r i a l  r e s p o n s e  

becomes c o n s i d e r a b l y  more complex. The r e s i n  m a t e r i a l  decomposes by a k i n e t i -  

c a l l y  c o n t r o l l e d  p r o c e s s  t h a t  i s  observed t o  be time- and temperature-dependent.  

A s  t h e  t empera tu re  i n c r e a s e s ,  t h e  decomposit ion a l s o  i n c r e a s e s  and produces  a 

s u b s t a n t i a l  weight  l o s s .  The weight  l o s s  r e p r e s e n t s  t h e  p y r o l y s i s  g a s  rate,  

The r a t e  of change of t h e  d e n s i t y  of t h e  s o l i d  phase i s  ob ta ined  from e q u a t i o n s  

t h a t  d e s c r i b e  t h e  decomposit ion r a t e s  of t h e  s o l i d  phase components. These 

r e l a t i o n s  may be w r i t t e n  i n  t h e  form: 

(Equat ion 9 ) 

A s  decomposi t ion b e g i n s ,  two energy t r a n s f e r  modes a r e  p r e s e n t .  I n  a d d i t i o n  t o  

t h e  u s u a l  conduct ion,  e n e r g i e s  t r a n s p o r t e d  by t h e  decomposit ion g a s e s  t h a t  t r a n s -  

p i r e  toward t h e  h e a t e d  s u r f a c e .  It is assumed t h a t  t h e s e  p y r o l y s i s  g a s e s  a r e  
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i n  l o c a l  thermal  e q u i l i b r i u m  w i t h  t h e  c h a r .  Thus, t h e  magnitude of t h e  energy 

a s s o c i a t e d  w i t h  t h e  i n t e r n a l  a b l a t i o n  p rocess  i s  a  h e a t  of decomposit ion and a 

s e n s i b l e  e n t h a l p y  i n c r e a s e  of t h e  g a s e s .  

I n  t h e  t h i r d ,  o r  char  zone, c h a r a c t e r i s t i c s  s i m i l a r  to 

t h o s e  i n  t h e  decomposi t ion zone can be  expected.  A s  a  r e s u l t  of ve ry  h igh  

t empera tu res ,  con t inued  decomposit ion of o rgan ic  components w i l l  occur  and 

i n  some c a s e s ,  t h e r e  w i l l  be  a  decomposit ion of i n o r g a n i c  components (such 

a s  t h e  l o s s  of occluded w a t e r  i n  a s b e s t o s  f i l l e r s ) .  The f i n a l  p roduc t  a f t e r  

complete decomposit ion w i l l  c o n s i s t  of a  lower d e n s i t y  c h a r  l a y e r  made up of 

carbanaceous  r e s i d u e  and any remaining f i l l e r  m a t e r i a l .  The modes of energy 

t r a n s f e r  and a b s o r p t i o n  w i l l  b e  s i m i l a r  t o  those  t h a t  occur  i n  t h e  decomposi- 

t i o n  zone. 

e .  S u r f a c e  Regress ion  

Thus f a r ,  t h e  d i s c u s s i o n  h a s  p e r t a i n e d  t o  t h e  response  

t h a t  occurs  i n  t h e  i n t e r n a l  s t r u c t u r e  of a  t y p i c a l  i n s u l a t i o n  m a t e r i a l  when 

i t  is  exposed t o  s o l i d  p r o p e l l a n t  exhaus t  p r o d u c t s ,  A s  exposure  c o n t i n u e s ,  

s u r f a c e  m a t e r i a l  i s  l o s t  by e r o s i o n .  The r e l a t i v e  performance t h e r e f o r e  becomes 

a measure of how w e l l  a p a r t i c u l a r  m a t e r i a l  can r e s i s t  chemical  c o r r o s i o n  and/ 

o r  mechanical  removal. A e r o j e t  has  adopted t h e  t e r m  " s u r f a c e  r e g r e s s i o n "  to  

d e s c r i b e  t h e  v a r i o u s  modes of s u r f a c e  l o s s .  These could  i n c l u d e  s u r f a c e  chemical  

r e a c t i o n s  ( o x i d a t i o n  of carbon r e s i d u e )  w i t h  t h e  p r o p e l l a n t  exhaust  p r o d u c t s ,  

e r o s i o n  from p r e s s u r e  and s h e a r  f o r c e s  a c t i n g  on t h e  low d e n s i t y  char  l a y e r ,  

s t r u c t u r a l  f a i l u r e  of t h e  c h a r  a s  t h e  r e s u l t  of thermal  s t r e s s e s ,  s p a l l a t i o n  

r e s u l t i n g  from p r e s s u r e  bu i ldup  w i t h i n  t h e  decomposit ion zone, and combina- 

t i o n s  of chemical  and mechanical  modes a c t i n g  on t h e  exposed s u r f a c e  ( i . e . ,  

p a r t i c l e  impac t s ) ,  
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The p a r t i c u l a r  t y p e  of computer program which has  been  

s u c c e s s f u l l y  used f o r  e v a l u a t i n g  n o z z l e  e r o s i o n  i s  b a s i c a l l y  t h e  program de- 

s c r i b e d  i n  Refe rence  15 .  This  p a r t i c u l a r  program i s  a v a i l a b l e  t o  i n d u s t r y  

c o n t r a c t o r s  and h a s  been widely  used f o r  a n a l y z i n g  a b l a t i v e  n o z z l e s  f o r  s o b i d  

p r o p e l l a n t  b o o s t e r s .  A modified v e r s i o n  is  p r e s e n t l y  be ing  used by A e r o j e t  t o  

p r e d i c t  t h e  r a t e  of s u r f a c e  r e g r e s s i o n ,  i n t e r n a l  d e g r a d a t i o n  r a t e  ( c h a r r i n g ) ,  

and t h e  t r a n s i e n t  t empera tu re  d i s t r i b u t i o n s  i n  a b l a t i v e  i n s u l a t i o n s .  The ana- 

l y t i c a l  t r e a t m e n t  of t h e s e  q u a n t i t i e s  r e q u i r e s  f i r s t  t h a t  t h e  l o c a l  environ-  

ment b e  e v a l u a t e d  a t  t h e  exposed s u r f a c e s  ( a s  d i s c u s s e d  p r e v i o u s l y ) .  Subse- 

q u e n t l y ,  t h e s e  d a t a  a r e  used a s  t h e  boundary c o n d i t i o n s  t o  s o l v e  t h e  one- 

d imensional  t r a n s i e n t  h e a t  conduct ion e q u a t i o n .  The s o l u t i o n  of t h i s  r e l a t i o n -  

s h i p  d e f i n e s  t h e  t empera tu re  d i s t r i b u t i o n  w i t h i n  a  n o n r e a c t i n g  body. For ab- 

l a t i v e  m a t e r i a l s  t h a t  decompose i n  dep th ,  a d d i t i o n a l  e q u a t i o n s  must be  consid-  

e red  t o  account  f o r  t h e  decomposit ion r e a c t i o n s  and t h e  t r a n s p i r a t i o n  of t h e  

gas-phase decomposi t ion p roduc t s .  The energy e q u a t i o n s  and t h e  cor responding  

mass b a l a n c e  r e l a t i o n s  a r e  t h e r e f o r e  s o l v e d  s imul taneous ly  by t h e  above program. 

A complete d e r i v a t i o n  of t h e  a p p r o p r i a t e  e q u a t i o n s  have been r e p o r t e d  by s e v e r a l  

s o u r c e s  and w i l l  n o t  be  r e p e a t e d  h e r e  (References  15 and 1 6 ) .  

The p a r t i c u l a r  form of t h e  energy e q u a t i o n  which c o n t a i n s  

t h e  r a t i o  of t h e  mass t r a n s f e r  c o e f f i c i e n t  t o  t h e  convec t ive  h e a t  t r a n s f e r  co- 

e f f i c i e n t  ( e q u i v a l e n t  t o  Lewis Number t o  t h e  2 / 3  power),  a l l o w s  by p roper  c h o i c e  

of Lewis Number a  r e l a t i o n s h i p  between h e a t  and mass t r a n s f e r .  I f  i t  i s  

assumed t h a t  t h e  s u r f a c e  .nater iaL i s  removed s o l e l y  by a  r e a c t i o n  c h a r a c t e r i z e d  

by a  d i f f u s i o n - l i m i t e d  p r o c e s s ,  and t h e  Lewis Number is  taken  a s  u n i t y ,  t h e n  

t h e  mass t r a n s f e r  and convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  e x a c t l y  e q u a l .  

The r e s u l t i n g  e r o s i o n  r a t e  then becomes p r o p o r t i o n a l  t o  t h e m a g n i t u d e  of t h e  

l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t .  The importance and u s e f u l n e s s  of t h i s  assump- 

t i o n  w i l l  b e  d i s c u s s e d  f u r t h e r .  
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(1) A n a l y t i c a l  Approach - Erosion-Corrosion 

A s  no ted  i n  t h e  p rev ious  s e c t i o n ,  t h e  a n a l y t i c a l  

a b l a t i o n  model c o n s i d e r s  t h e  s u r f a c e  removal t o  be c o n t r o l l e d  by chemical  o r  

mechanical  i n t e r a c t i o n  between t h e  exhaust  gases  and t h e  s u r f a c e  m a t e r i a l .  

The procedure  used t o  p r e d i c t  a b l a t i v e  performance depends on t h e  type o r  

c l a s s  of m a t e r i a l  b e i n g  cons idered ,  i . e . ,  carbonaceous o r  s i l i c a  type  m a t e r i a l s .  

I n  carbon composites,  t h e  s u r f a c e  r e g r e s s i o n  i s  

cons idered  t o  b e  c o n t r o l l e d  by o x i d a t i o n  r e a c t i o n s  between t h e  w a t e r ,  ca rbon  

d i o x i d e  and l e s s e r  amounts of o t h e r  oxygen b e a r i n g  s p e c i e s  i n  t h e  exhaust  

p roduc t s .  To e s t i m a t e  t h e  chemical  response i n  terms of a dimensionless  mass 

removal r a t e  of ca rbon ,  two d i f f e r e n t  methods a r e  a v a i l a b l e .  The f i r s t  assumes 

t h a t  thermo-chemical e q u i l i b r i u m  e x i s t s  and t h u s  computes t h e  e q u i l i b r i u m  com- 

p o s i t i o n  of g a s  and carbon a d j a c e n t  t o  t h e  w a l l .  The second method performs 

e s s e n t i a l l y  t h e  same c a l c u l a t i o n ;  however, i n s t e a d  of t h e  e q u i l i b r i u m  assump- 

t i o n ,  s e p a r a t e  r e a c t i o n s  which c o n t r o l  t h e  carbon removal a r e  considered t o  

be k i n e t i c a l l y  c o n t r o l l i n g .  I n  t h e  second method, which is  used i n  t h i s  ana- 

l y s i s ,  t h e  carbon c h a r  e r o s i o n  becomes s t r o n g l y  dependent on t h e  s u r f a c e  t e m -  

p e r a t u r e .  

Below a  v a l u e  of 3000°F (1667K) no s u r f a c e  removal 

w i l l  occur  s i n c e  t h e  r e a c t i o n  r a t e s  a r e  extremely low, y i e l d i n g  r e s u l t s  t h a t  

a r e  i n  agreement w i t h  exper imenta l  d a t a  f o r  bo th  g r a p h i t e  and carbon composi te  

t h r o a t s .  (The e q u i l i b r i u m  assumption t y p i c a l l y  o v e r p r e d i c t s  t h e  i n s t a n t a n e o u s  

e r o s i o n  f o r  a  p a r t i c u l a r  n o z z l e  o p e r a t i n g  c o n d i t i o n  by a f a c t o r  of two o r  t h r e e ) .  

The assumption of k i n e t i c  r e a c t i o n  r a t e s  was f e l t  t o  be  t h e  more r e a l i s t i c  and 

w a s  adopted f o r  t h i s  program. 
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The p r o p e l l a n t  used i n  t h i s  Devia t ion  Nozzle Pro- 

gram, ANB-3066, h a s  a  f a i r l y  h igh  o x i d a t i o n  p o t e n t i a l .  This  i s  made e v i d e n t  

by comparing t h e  impor tan t  o x i d i z i n g  s p e c i e s  of t h e  p r o p e l l a n t s  used i n  t h e  

Low Cost Nozzle Program (Reference 8) w i t h  ARB-3066. 

P r o p e l l a n t  H20* co2* 

ANP-2862 0.5557 moles/100 gm 0.056 

ANP-2864 0.5278 moles/100 gm 0.0529 

ANB-3066 0.7146 moles/100 gm 0.0779 

The d i f f e r e n c e  i n  o x i d a t i o n  p o t e n t i a l  between t h e  

two i s  e s t i m a t e d  t o  b e  25 p e r c e n t .  For t h e  ANB-3066 p r o p e l l a n t ,  t h e  r e s u l t i n g  

e r o s i o n  p r e d i c t i o n  d a t a  f o r  NX-4926 carbon composite a r e  summarized i n  F i g u r e  

VII-2. This f i g u r e  shows t h e  d imens ion less  mass removal r a t e  of carbon c h a r  

(mc/cpl) a s  a  f u n c t i o n  of r e a c t i o n  t empera tu re  ( o r  s u r f a c e  t empera tu re )  f o r  t h e  

f o u r  a n a l y s i s  s t a t i o n s  i n  t h e  t h r o a t  r e g i o n .  The d i f f e r e n c e  no ted  between mass 

removal r a t e  a t  t h e  f o u r  s t a t i o n s  ( s o l i d  l i n e s )  i s  a t t r i b u t e d  t o  v a r i a t i o n  i n  

t h e  r a t i o  (C /P)  a t  each p o s i t i o n .  The dashed c u r v e  i n  F igure  VII-2 shows t h e  
m 

i n f l u e n c e  of d imens ion less  p y r o l y s i s  g a s  i n j e c t i o n  r a t e  on t h e  mass removal a t  

t h e  t h r o a t  s t a t i o n .  A t  t h e  t y p i c a l  s u r f a c e  t empera tu re  which occurs  d u r i n g  a  

f i r i n g ,  approximately  51OO0F, t h e  c o r r e c t i o n  due t o  a  d imens ion less  p y r o l y s i s  

gas  i n j e c t i o n  r a t e  of 0 .03 i s  no ted  t o  be  about  25 p e r c e n t .  For  o t h e r  g a s  

ra tes ,  t h e  c o r r e c t i o n  which i s  s i m i l a r l y  a p p l i e d  a t  a l l  s t a t i o n s  is  assumed 

t o  v a r y  L i n e a r l y  between t h e  two c a l c u l a t e d  v a l u e s .  

* A t  chamber p r e s s u r e  - 500 p s i a  
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A n a l y t i c a l - e m p i r i c a l  procedures  developed t o  pre-  

d i c t  t h e  performance of carbon f a b r i c  composites such a s  t h o s e  d i s c u s s e d  above 

have been used i n  a wide v a r i e t y  of development programs. It is  t o  be  no ted  

t h a t  e x i s t i n g  a n a l y s i s  procedures  a r e  c o n t i n u a l l y  be ing  r e v i s e d  on t h e  b a s i s  

of t h e i r  a b i l i t y  t o  p r e d i c t ,  w i t h i n  a c c e p t a b l e  l i m i t s ,  t h e  performance charac-  

t e r i s t i c s  of such m a t e r i a l s .  The c h a r r i n g - a b l a t i o n  program with  e x p e r i m e n t a l l y  

a d j u s t e d  i n p u t  pa ramete rs  has  proven t o  be a  r e a l i s t i c  approach t o  d e f i n i n g  

t h e  mechanism of d e g r a d a t i o n  t h a t  occurs  i n  carbon-base m a t e r i a l s .  

( 2 )  S i l i c a  Clo th  M a t e r i a l  

To app ly  t h e  above c h a r r i n g - a b l a t i o n  model t o  a  

s i l i c a  c l o t h  m a t e r i a l ,  i t  i s  a g a i n  f i r s t  assumed t h a t  t h e  s u r f a c e  m a t e r i a l  i s  

removed s o l e l y  by a  mechanism which is  c h a r a c t e r i z e d  by a  d i f f u s i o n - l i m i t e d  

p r o c e s s .  The mass t r a n s f e r  i s  then c a l c u l a t e d  assuming a  u n i t y  mix ture  Lewis 

number, the reby  making t h e  mass t r a n s f e r  and c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c -  

i e n t s  equa l .  The r e s u l t i n g  e r o s i o n  r a t e  then  becomes p r o p o r t i o n a l  t o  t h e  mag- 

n i t u d e  of t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t .  By p l o t t i n g  t h e  exper imenta l  

s u r f a c e  mass r e g r e s s i o n  r a t e  a s  a f u n c t i o n  of l o c a l  convec t ive  h e a t  t r a n s f e r  

c o e f f i c i e n t ,  t h e  r e s u l t i n g  s l o p e  then becomes t h e  s c a l i n g  parameter (m /Cm)* ch 
r e q u i r e d  as i n p u t  t o  t h e  c h a r r i n g - a b l a t i o n  program. With t h i s  parameter ,  it 

i s  p o s s i b l e  t o  p r e d i c t  e r o s i o n  i n  any motor i n  which t h e  l o c a l  v a l u e  of h e a t  

t r a n s f e r  c o e f f i c i e n t  i s  a c c u r a t e l y  known. Based on t h e  r e s u l t s  of numerous 

n o z z l e  f i r i n g s  u s i n g  s i l i c a  f a b r i c  composites,  t h e  dimensionless  char  removal 

- a  P C  *Scal ing parameter  = m / C  - CB m h C k p  
- 

Where: a  = e r o s i o n  r a t e ,  p = char  d e n s i t y ,  C = s p e c i f i c  h e a t  of exhaust  
gas  and h  = convecf ive  h e a t  t r a n s f e r  goeff  i c i e n t  

C 
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r a t e  which b e s t  f i t s  t h e  d a t a  i s  d e p i c t e d  i n  F i g u r e  VII-3. The p a r t i c u l a r  

f u n c t i o n a l  r e l a t i o n s h i p  w i t h  s u r f a c e  t empera tu re  i s  a g a i n  a d j u s t e d  on t h e  

b a s i s  of exper imenta l  evidence.  Below 3960°F (2200°K) t h e  e r o s i o n  of s i l i c a  

is  found t o  be  n e g l i g i b l e ,  w h i l e  between 4000 and 5000°F t h e  t empera tu re  

c o n t r o l s  t h e  removal r a t e .  Above 5O0O0F (2778"K), t h e  e r o s i o n  becomes inde-  

pendent of s u r f a c e  t empera tu re  and is  c o n t r o l l e d  by t h e  l o c a l  h e a t  t r a n s f e r  

c o e f f i c i e n t .  

(3)  Summary of Thermal Behavior Xodel 

The p r e d i c t i o n  of a b l a t i v e  m a t e r i a l  performance 

i n  t h e  D e v i a t i o n  Nozzle Program was accomplished by us ing  a  c h a r r i n g - a b l a t i o n  

computer program which s o l v e s  t h e  energy t r a n s p o r t  p rocesses  t h a t  occur  i n  t h e  

v i r g i n ,  decomposit ion zone, and char  l a y e r .  The t rea tment  of s u r f a c e  r e g r e s s i o n  

depended on t h e  type of m a t e r i a l .  For  carbon c l o t h ,  a  k i n e t i c a l l y  c o n t r o l l e d  

o x i d a t i o n  r e a c t i o n  r a t e  t echn ique  was used f o r  d e f i n i n g  t h e  char  removal r a t e  

a s  a  f u n c t i o n  of s u r f a c e  t empera tu re .  I n  l i e u  of a  more r i g o r o u s  model f o r  

s u r f a c e  r e g r e s s i o n  of s i l i c a  c l o t h ,  a  p r o v i s i o n a l  model was used.  Treatment 

of t h e  s u r f a c e  r e g r e s s i o n  f o r  s i l i c a  e s s e n t i a l l y  combines a l l  modes of r e g r e s -  

s i o n  ( i . e . ,  s u r f a c e  m e l t i n g ,  mechanical  e r o s i o n ,  e t c . )  i n t o  an e f f e c t i v e  r e -  

moval rate which i s  ob ta ined  from prev ious  motor f i r i n g  exper ience .  

f ,  Experimental  Data Requirements 

To p r e d i c t  t h e  thermal  response  of a  g iven  a b l a t i v e  

m a t e r i a l  i n  a  p a r t i c u l a r  n o z z l e  environment by t h e  a n a l y t i c a l  methods d i s c u s s e d  

above i t  i s  necessa ry  t o  have a v a i l a b l e  t h e  thermal  c o n d u c t i v i t y ,  s p e c i f i c  h e a t ,  

d e n s i t y ,  decomposit ion r a t e s ,  and weight r a t i o  of r e s i n  i n  a  p a r t i c u l a r  com- 

ponent .  The f i r s t  t h r e e  a r e  t y p i c a l  thermal  p r o p e r t i e s  which a r e  r e q u i r e d  t o  

s o l v e  t h e  t r a n s i e n t  coriduction e q u a t i o n ,  A l l  v a l u e s  a r e  d i r e c t l y  measurable  

and a r e  shown f o r  a  s i g n i f i c a n t  number of m a t e r i a l  samples i n  S e c t i o n  I V . B ,  of 

t h i s  r e p o r t .  
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T y p i c a l  v a l u e s  which were u l t i m a t e l y  used i n  t h e  char r ing-  

a b l a t i o n  program a r e  p r e s e n t e d  i n  F i g u r e s  VII-4 and VII-5. I n  t h e s e  f i g u r e s ,  

t h e  thermal  d i f f u s i v i t y  and s p e c i f i c  h e a t  f o r  a  p a r t i c u l a r  carbon c l o t h  and 

s i l i c a  c l o t h  component, r e s p e c t i v e l y ,  a r e  g iven  a s  a  f u n c t i o n  of t empera tu re ,  

Values a t  t h e  lower t empera tu res  a r e  based on a  d e n s i t y  e q u a l  t o  t h e  measured 

v a l u e  f o r  t h e  v i r g i n  sample.  Above 2000°F (1093°C) where t h e  p a r t i c u l a r  m a t e r i a l  

i s  cons idered  comple te ly  char red ,  t h e  a p p r o p r i a t e  c h a r  d e n s i t y  is  used.  I n  t h e  

t empera tu re  range between t h e  i n i t i a l  r e s i n  decomposit ion and f i n a l  c h a r  f o r -  

mat ion,  t h e  c h a r r i n g  a b l a t i o n  program a u t o m a t i c a l l y  i n t e r p o l a t e s  l i n e a r l y  

between t h e  two c u r v e s  u s i n g  t h e  i n s t a n t a n e o u s  d e n s i t y  a s  a  parameter .  

The temperature  dependent r a t e  of decomposit ion of t h e  

r e s i n  sys tem c o n s i d e r e d  i n  t h i s  e f f o r t  i s  expressed  i n  t h e  form of an  Arrhen ius  

r e l a t i o n  as g iven  p r e v i o u s l y  by Equation 9. Determinat ion of t h e  c o n s t a n t s  B ,  

$, and AE is  accomplished by curve  f i t t i n g  exper imenta l  thermogravimetr ic  ana- 

l y s i s  d a t a  f o r  a  p a r t i c u l a r  r e s i n  a t  a c o n s t a n t  h e a t i n g  r a t e .  It  i s  t o  be  

noted t h a t  s e v e r a l  t echn iques  e x i s t  f o r  e v a l u a t i n g  t h e  c o n s t a n t s  a s  w e l l  a s  

f o r  de te rmin ing  a p p r o p r i a t e  v a l u e s  f o r  p h e n o l i c  r e s i n  (Reference 1 7 ) .  The 

v a l u e s  which a r e  cons idered  a p p r o p r i a t e  f o r  bo th  t h e  m a t e r i a l  systems cons idered  

h e r e i n  a r e  p r e s e n t e d  i n  t h e  fo l lowing  t a b l e  (Reference 1 8 ) .  

Decomposition Ra te  Cons tan t s  
f o r  Phenol ic  Res in  

React  i o n  

A 

Frequency Order 
F a c t o r  - B Reac t ion  - $ 

1 . 4  x  10 
4  3.0 

l l s e c  

4 .48  x  10 
9 

3.0 

A c t i v a t i o n  
Energy - E '  

15400°K 
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The c o n s t a n t s  i n  t h e  above t a b l e  d e f i n e  t h e  r a t e s  a t  

which t h e  pheno l ic  r e s i n  decomposes. To r e l a t e  t h i s  w i t h  the a c t u a l  d e n s i t y  

v a r i a t i o n  of t h e  r e s p e c t i v e  a b l a t i v e  component, knowledge of t h e  r e s i n  weight  

o r  volume f r a c t i o n  i s  r e q u i r e d .  I n  g e n e r a l ,  t h e  weight  f r a c t i o n  i s  t h e  l o g i -  

c a l  parameter t o  measure o r  p r e d i c t .  Knowing t h e  v i r g i n  d e n s i t y ,  pheno l ic  

r e s i n  d e n s i t y  and t h e  weight f r a c t i o n  of r e s i n ,  t h e  volume f r a c t i o n  i s  g iven  

i n  t h e  fo l lowing  express ion :  

(Equation 1 0 )  

From which t h e  d e n s i t y  of t h e  p a r t i c u l a r  a b l a t i v e  sample can  be  eva lua ted  from 

i t s  component p a r t s ,  namely r e s i n  and f i l l e r ,  from t h e  express ion :  

(Equation 11)  

Likewise ,  t h e  c h a r  d e n s i t y  can be e v a l u a t e d  i n  terms of t h e  volume f r a c t i o n  

of r e s i n ,  carbon r e s i d u a l  a f t e r  decomposi t ion and v i r g i n  d e n s i t y  by: 

(Equation 12) 

The carbon r e s i d u a l  f r a c t i o n ,  which r e p r e s e n t s  t h e  amount of carbon y i e l d  sub- 

sequen t  t~ complete decomposit ion of t h e  r e s i n ,  i s  g iven  i n  Reference 1 8  a s  

40 p e r c e n t .  Based on char  and v i r g i n  d e n s i t y  measurements made dur ing  t h i s  

p r e s e n t  program a v a l u e  of 33 p e r c e n t  b e s t  r e p r e s e n t s  t h e  d a t a  and was t h e r e -  

f o r e  used.  

Equat ions  9 ,  L O ,  11, and 12 d e f i n e  t h e  d e n s i t y  v a r i a t i o n s  

between v i r g i n  and f u l l y  char red  m a t e r i a l  t h a t  can occur  f o r  a  g iven  weight  

f r a c t i o n  of r e s i n .  Thus, each i n d i v i d u a l  a n a l y s i s  of a p a r t i c u l a r  d e f e c t  r e -  

q u i r e d  a p p r o p r i a t e  a d j u s t i n g  of t h e  r e s i n  volume f r a c t i o n  and f i l l e r  d e n s i t y  

t o  p r o p e r l y  account  f o r  t h e  t o t a l  weight  l o s s  dur ing  decomposi t ion.  
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2.  M o d i f i c a t i o n  of Thermal Response Ana lys i s  

The f i r s t  s e r i e s  of a n a l y s e s  were performed on t h e  n o z z l e  

d e s i g n  d e f i n e d  i n  A e r o j e t  Drawing 1147248, (Figure  111-4)- These p r e d i c t i o n s  

were performed e a r l y  i n  t h e  program t o  v e r i f y  des ign  of t h e  so -ca l l ed  "base 

case"  i n  which a  common m a t e r i a l ,  MX-4926 carbon c l o t h ,  was i n v e s t i g a t e d  under  

env i ronmenta l  c o n d i t i o n s  which s imula ted  t h e  a n t i c i p a t e d  a c t u a l  f i r i n g  condi-  

t i o n s .  The p r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  t h e  d e s i g n  was the rmal ly  ade- 

q u a t e  s i n c e  thermal  p e n e t r a t i o n  was n o t  cons idered  e x c e s s i v e .  A l l  bond l i n e s  

between t h e  v a r i o u s  f lame i n s e r t s  and t h e  backup i n s u l a t o r s  remained e s s e n t i a l l y  

v i r g i n  m a t e r i a l .  Temperatures w i t h i n  t h e  s t e e l  housing remained a t  ambient 

( i n i t i a l )  v a l u e s .  

The r e s u l t s  of t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  were p resen ted  

i n  S e c t i o n  1 I I . C .  F i g u r e  111-10 r e p r e s e n t s  t h e  p r e d i c t e d  r e g r e s s i o n  and c h a r  

growth as a  f u n c t i o n  of t i m e .  T o t a l  t h r o a t  e r o s i o n  amounted t o  0.275 i n .  

(10.7 m i l s / s e c )  and t h e  char  dep th  (de f ined  a s  t h e  750°F isotherm) subsequent  

t o  complete  heat: soak  was es t imated  t o  b e  an  a d d i t i o n a l  0.285 i n .  (0.70 cm) 

f o r  a  t o t a l  dep th  of 0.56 i n .  (1.42 cm) from t h e  o r i g i n a l  con tour .  

From t h e  r e s u l t s  of t h e  e a r l y  f i r i n g ,  i n c l u d i n g  t h e  two base- 

l i n e  ( d e f e c t  f r e e )  n o z z l e s ,  i t  was a p p a r e n t  t h a t  t h e  p r e l i m i n a r y  e r o s i o n  and 

c h a r  e s t i m a t e s  were q u i t e  c o n s e r v a t i v e .  The a c t u a l  e r o s i o n  a t  t h e  t h r o a t  

amounted t o  75% of t h e  p r e d i c t e d  v a l u e  w h i l e  t h e  measured char  zone t h i c k n e s s  

was lower by a f a c t o r  of 66%. To be  c a p a b l e  of p r e d i c t i n g  s m a l l  v a r i a t i o n s  

i n  d e f e c t i v e  p a r t s ,  i t  was f e l t  t h a t  t h e  a n a l y t i c a l  model should  do a  b e t t e r  

job on t h e  b a s e l i n e  n o z z l e .  There fore ,  t h e  g e n e r a l  i n p u t  d a t a  were reviewed 

f o r  a p p a r e n t  s o u r c e s  of e r r o r .  
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The f i r s t  and most l o g i c a l  i n h e r e n t  e r r o r  was t h e  use  of an  

e s t i m a t e d  p ressure - t ime  curve  ( s e e  F i g u r e  111-3) i n s t e a d  of t h e  a c t u a l  p res -  

s u r e  h i s t o r y  of t h e  b a s e l i n e  f i r i n g s .  Secondly,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  

were re -eva lua ted  t o  b e t t e r  account  f o r  t h e  f u l l  growth of boundary l a y e r  

between t h e  g r a i n  s u r f a c e  and t h e  t h r o a t .  This  added approximately  8 i n c h e s  of 

f low l e n g t h  and u l t i m a t e l y  reduced t h e  t h r o a t  h e a t  t r a n s f e r  c o e f f i c i e n t  by 

about  11 p e r c e n t .  A t h i r d  c o r r e c t i o n  p e r t a i n e d  t o  t h e  i n j e c t i o n  of p y r o l y s i s  

gas  i n t o  t h e  boundary l a y e r  and i t s  i n f l u e n c e  on t h e  char  removal r a t e .  At 

e a r l y  t imes ,  t h e  r a t e  of decomposi t ion of t h e  r e s i n  i s  q u i t e  h igh  and i t s  

t r a n s p i r a t i o n  through t h e  char  t ends  t o  d e l a y  b o t h  t h e  s u r f a c e  t empera tu re  

r i s e  and t h e  s u r f a c e  chemical  r e a c t i o n  r a t e s .  Thus, a s  o f t e n  occurs  i n  s h o r t  

f i r i n g s ,  t h e  s u r f a c e  r e g r e s s i o n  a t  e a r l y  t imes is  somewhat lower than  l a t e r  

when t h e r e  seems t o  be  n e g l i g i b l e  i n f l u e n c e  from i n j e c t i o n  of p y r o l y s i s  g a s e s .  

The n e t  e f f e c t  i s  a  reduced r e g r e s s i o n  r a t e  dur ing  t h e  f i r s t  few seconds 

fol lowed by a n  i n c r e a s e  t o  normal ly  p r e d i c t e d  v a l u e s  based on s u r f a c e  cor-  

r o s i o n  and t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t .  

Applying t h e  above c r i t e r i a  t o  t h e  b a s e l i n e  n o z z l e  (SIN 002) ,  

t h e  r e v i s e d  p r e d i c t i o n  of t h e  the rmal  response  a t  t h e  t h r o a t  ( S t a t i o n  4 )  i s  

p r e s e n t e d  i n  F i g u r e  VII-6. Here t h e  thermal  g r a d i e n t  ( i . e . ,  t empera tu re  as a  

f u n c t i o n  of dep th  below t h e  s u r f a c e )  is  p r e s e n t e d  f o r  t imes  of 26 and 40 sec -  

onds ,  A t  26 seconds,  which r e p r e s e n t s  t h e  end of t h e  f i r i n g ,  t h e  p r e d i c t e d  

e r o s i o n  (0.208 i n .  (0 .529 cm) ) is now i n  much b e t t e r  agreement wi th  t h e  range  

of t h e  measured d a t a  from t h e  two b a s e l i n e  f i r i n g s  (0.14 (0.356 cm) t o  0 . 2 3  

i n .  (0 .585 cm)),  s e e  cross-hatched zone i n  F i g u r e  VII-6. Although t h e  two 

b a s e l i n e  n o z z l e s  were expected t o  perform i n  a  l i k e  manner, t h e  a c t u a l  e r o s i o n  

p a t t e r n  showed c o n s i d e r a b l e  v a r i a t i o n  between f i r i n g s .  For example, a t  t h e  

t h r o a t  s t a t i o n  t h e  a c t u a l  e r o s i o n  v a r i e d  a t  t h e  measurement l o c a t i o n s  a s  

fo l lows :  
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Angular Locat ion,  
degree  

0  and 180 

90 and 270 

135 

Average 

Throat  Erosion 
B a s e l i n e  SN 001, B a s e l i n e  SN 002, 
i n .  cm i n .  cm - 

0.20 0 . 5 1  0 .23 0 .585 

0.16 0.406 0 . 2 3  0.585 

0.14 0.356 0.19 0.484 

0.17 0 .431  0 .22 0.560 

The e r o s i o n  exper ienced by SN 001 is  between 1 5  and 40 p e r c e n t  lower than  t h e  

r e s p e c t i v e  v a l u e s  f o r  SN 002. I n  g e n e r a l ,  t h i s  t r end  which appears  a t  e ssen-  

t i a l l y  a l l  measurement s t a t i o n s ,  i s  n o t  unique i n  t h a t  such unexplained d i f -  

f e r e n c e s  have occur red  i n  p rev ious  programs. For example, t h e  average  t h r o a t  

e r o s i o n  f o r  Motors 260-SL-1 and -2 v a r i e d  by 1 5  p e r c e n t .  Based on t h e  above 

comparison and t h e  f a c t  t h a t  t h e  p r e d i c t e d  e r o s i o n  was w i t h i n  8 p e r c e n t  of t h e  

average  measared v a l u e ,  t h e  a n a l y t i c a l  t echn ique  was cons idered  s a t i s f a c t o r y  

and no f u r t h e r  c o r r e c t i o n s  would b e  r e q u i r e d .  

I n  t h e  e x i t  cone,  t h e  modif ied thermal  response of s i l i c a  

c l o t h ,  a g a i n  p r e d i c t e d  f o r  b a s e l i n e  n o z z l e  SN 002 i s  p r e s e n t e d  i n  F i g u r e  VII-7. 

Temperature g r a d i e n t s  a r e  g iven  f o r  26 and 40 seconds .  The p r e d i c t e d  e r o s i o n  

i s  no ted  t o  be  0.060 i n .  (0.152 cm). Based on t h e s e  r e s u l t s ,  i t  i s  l i k e w i s e  

concluded t h a t  t h e  a n a l y t i c a l  t echn ique  f o r  p r e d i c t i n g  s i l i c a  c l o t h  thermal  

r e s p o n s e  i s  v a l i d  and a d d i t i o n a l  a t t e m p t s  t o  improve t h e  method a r e  n o t  

war ran ted  a t  t h i s  t ime.  

Having e s t a b l i s h e d  a  r e a s o n a b l e  c o r r e l a t i o n  between t h e  p re -  

d i c t e d  and measured e r o s i o n  a t  t h e  t h r o a t  and i n  t h e  e x i t  cone,  t h e  a n a l y t i c a l  

model was subsequen t ly  used t o  c a l c u l a t e  t h e  thermal  response  a t  a 1 1  e i g h t  

s t a t i o n s  a long  t h e  con tour .  The r e s u l t i n g  e r o s i o n ,  v i s i b l e  char  and t o t a l  

char  zone d e p t h s  a r e  summarized i n  Table  VII-3. The eros ior i  p r e d i c t i o n s  have 
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been d i s c u s s e d  p r e v i o u s l y  and no f u r t h e r  comments a r e  r e q u i r e d  excep t  t o  n o t e  

t h a t  t h e  v a l u e s  p r e s e n t e d  r e p r e s e n t  t h e  s u r f a c e  removal i n  t h e  d i r e c t i o n  per -  

p e n d i c u l a r  t o  t h e  l o c a l  s u r f a c e .  With r e s p e c t  t o  t h e  char  dep th  p r e d i c t i o n s ,  

t h e  method of d e f i n i n g  and comparing t h e  p roper  v a l u e  i s  n o t  a s  s t r a i g h t f o r w a r d .  

Th is  is  p r i m a r i l y  due t o  t h e  d i f f i c u l t y  i n  a s s i g n i n g  an  a n a l y t i c a l  parameter  

t o  h e l p  d e f i n e  a  dep th  below t h e  s u r f a c e  which corresponds t o  a  measured c h a r  

v a l u e .  For example, t h e  u s u a l  p r a c t i c e  i s  t o  s e c t i o n  a  f i r e d  n o z z l e  component 

and measure t h e  t h i c k n e s s  of h e a t  a f f e c t e d  zone.  Th is  dep th  is  u s u a l l y  d i s -  

c e r n i b l e  by a n  a b r u p t  change i n  c o l o r  and /or  t e x t u r e  of t h e  viewed c r o s s -  

s e c t i o n ,  and is  t h u s  r e f e r r e d  t o  a s  t h e  v i s i b l e  c h a r .  I n  a d d i t i o n ,  c l o s e  

examinat ion r e v e a l s  a  secondary char  l a y e r  which presumably d e f i n e s  t h e  t h i c k -  

n e s s  of t h e  decomposit ion zone. A t y p i c a l  p o s t f i r e  c r o s s - s e c t i o n  i n  t h e  base- 

l i n e  n o z z l e  is  p r e s e n t e d  i n  F i g u r e  VII-8. Here t h e  e r o s i o n ,  v i s i b l e  c h a r ,  and 

secondary c h a r  zone r e q u i r e  exper imenta l  v e r i f i c a t i o n  o r  t r i a l  and e r r o r  

approximat ion.  R e f e r r i n g  back t o  F i g u r e s  VII-6 and VII-7 i n  a d d i t i o n  t o  t h e  

t empera tu re  p r o f i l e s ,  t h e  p r e d i c t e d  d e n s i t y  d i s t r i b u t i o n s  w i t h i n  t h e  carbon 

c l o t h  and s i l i c a  c l o t h  m a t e r i a l s ,  r e s p e c t i v e l y ,  a r e  g iven  f o r  t i m e s  of 26 and 

40 seconds .  From F i g u r e  VII-6, t h e  d e n s i t y  of carbon c l o t h  i s  no ted  t o  v a r y  
3  

between 90.1  l b / f t  (1 .44g/cc)  f o r  t h e  v i r g i n  m a t e r i a l  t o  67.5 l b / f t 3  (1 .08g/cc)  

f o r  the ful1.y c h a r r e d  s t a t e ,  and t h e  dep th  f o r  any i n t e r m e d i a t e  d e n s i t y  is 

e a s i l y  o b t a i n e d .  Consider ing t h e  d e n s i t y  v a r i a t i o n  p r e d i c t e d  a t  40 seconds ,  

t h e  t i m e  r e q u i r e d  t o  a s s u r e  maximum char  growth,  t h e  d e n s i t y  which y i e l d s  a  

minimum measured char  v a l u e  of 0.34 i n .  (0.865 cm) corresponds t o  a  f a c t o r  

1 p e r c e n t  h i g h e r  than  t h e  f u l l y  c h a r r e d  d e n s i t y .  I n  a  l i k e  manner, t h e  d e n s i t y  

which cor responds  t o  t h e  average  b a s e l i n e  n o z z l e  c h a r  dep th ,  0.373 i n .  (0.95 cm) 

i s  a v a l u e  5 p e r c e n t  h i g h e r  t h a n  t h e  f u l l y  c h a r r e d  c o n d i t i o n .  
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I n  a d d i t i o n  t o  u s i n g  d e n s i t y  p r o f i l e s  t o  d e f i n e  c h a r  growth,  

t h e  l o c a l  t empera tu re  could  s i m i l a r l y  be cons idered .  From ~ d f e r e n c e  1 9 ,  

which d e s c r i b e s  t h e  u s e  of t empera tu re  s e n s o r s  f o r  measuring thermal  p r o f i l e s  

i n  a b l a t i v e  n o z z l e s ,  i t  is  shown by measurement t h a t  t h e  maximum soak tempera- 

t u r e  a t  t h e  v i s i b l e  c h a r  dep th  v a r i e s  between 1000 and 1200°F (538 and 64g°C). 

I f  a  nominal v a l u e  of llOO°F is  assumed, t h e n  by p l o t t i n g  t h e  envelope of t h e  

maximum tempera tu re  p r e d i c t e d  f o r  a n  a r b i t r a r y  depth  ( a s  g iven by t h e  dashed 

c u r v e s  i n  F i g u r e s  VII-6 and VII-7) ,  t h e  r e s u l t i n g  char  dep th  f o r  carbon c l o t h  

is  no ted  t o  b e  0.40 i n .  (1 .03 cm). This  c o i n c i d e s  w i t h  t h e  upper l i m i t  of t h e  

measured d a t a .  A t  t h e  e x i t  cone s t a t i o n ,  t h e  u s e  of t h e  llOO°F tempera tu re  

t o  d e f i n e  t h e  v i s i b l e  c h a r  dep th  i s  i n  e x c e l l e n t  agreement w i t h  t h e  a c t u a l  d a t a  

I n  b r i e f ,  t h e  a n a l y t i c a l  d e s c r i p t i o n  of char  dep th  i n  a  f i r e d  

n o z z l e  must r e l y  on somewhat a r b i t r a r y  d e f i n i t i o n s .  Densi ty  p r o f i l e s  w i t h  

a p p r o p r i a t e  f a c t o r s  t o  d e s c r i b e  t h e  d i f f e r e n t  char  zones i s  one method; however, 

exper imenta l  v e r i f i c a t i o n  of d e n s i t y  d i s t r i b u t i o n s  i n  a b l a t i v e  m a t e r i a l s  i s  

s c a r c e  and incomplete .  Thus, t h e  u s e  of maximum temperature  remains t h e  o n l y  

l o g i c a l  parameter  t o  d e f i n e  v i s i b l e  char  d e p t h .  I n  t h e  a n a l y s i s  t o  be  pre-  

s e n t e d  f o r  v a r i o u s  n o z z l e  d e f e c t s ,  t h e  maximum tempera tu re  envelope i s  p l o t t e d  

and t h e  v i s i b l e  char  d e p t h  d e f i n e d  as t h e  llOO°F (593°C).  

A summary of t h e  e r o s i o n ,  v i s i b l e  char  and secondary char  

zone p r e d i c t e d  f o r  t h e  e i g h t  b a s e l i n e  n o z z l e  a n a l y s i s  s t a t i o n s  i s  p r e s e n t e d  i n  

t a b u l a r  form i n  Table  VII-3 and p l o t t e d  w i t h  r e s p e c t  t o  t h e  o r i g i n a l  n o z z l e  

con tour  i n  F i g u r e  VII-9. An i n d i c a t i o n  of t h e  a b i l i t y  of t h e  c h a r r i n g - a b l a t i o n  

program t o  p r e d i c t  t h e  thermal  response  throughout  t h e  b a s e l i n e  n o z z l e  i s  pro- 

v i d e d  i n  F i g u r e  VII-10. Here, t h e  p r e d i c t e d  e r o s i o n  and v i s i b l e  c h a r  depth  

a r e  compared t o  t h e  combined r e s u l t s  of t h e  two b a s e l i n e  f i r i n g s .  The exper i -  

menta l  r e s u l t s  a r e  p r e s e n t e d  i n  terms of b o t h  t h e  range of v a l u e s  measured 
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t o g e t h e r  w i t h  t h e  average  of a l l  r e s p e c t i v e  measurement p o s i t i o n s .  I n  g e n e r a l ,  

t h e  a n a l y t i c a l  r e s u l t s  a r e  i n  agreement and show t h e  same t r e n d s  a s  t h e  test 

r e s u l t s .  The h i g h e s t  e r o s i o n  occurs  upst ream of t h e  t h r o a t  a s  t h e  theory  pre- 

d i c t s ,  and d e c r e a s e s  downstream i n  t h e  same g e n e r a l  manner. Erosion of s i l i c a  

c l o t h  i n  t h e  e x i t  cone i s  i n  f a i r  agreement w i t h  t h e  t e s t  d a t a ;  however, t h e  

t r e n d  is  t o  u n d e r p r e d i c t  by 0 .03 i n .  (0.076 cm) n e a r  t h e  c a r b o n - s i l i c a  t r a n s i -  

t i o n  and over -p red ic t  by 0.025 i n .  (0.0635 cm) n e a r  t h e  e x i t  p l a n e .  The on ly  

r e g i o n  where t h e  a n a l y t i c a l  model f a i l s  i s  i n  t h e  n o z z l e  e n t r a n c e  s e c t i o n .  

Here t h e  e r o s i o n  d e p t h  f o r  s i l i c a  c l o t h  i s  0.10 i n .  (0.25 cm) less t h a n  t h e  

measured average ,  Th is  v a r i a t i o n  i s  presumably due t o  a  f low d i s t u r b a n c e  pro- 

duced by h i g h  r e g r e s s i o n  of t h e  m a t e r i a l  used i n  t h e  a f t  c l o s u r e .  

3 .  P r e d i c t i o n  of Disc repan t  M a t e r i a l  Performance 

The a n a l y t i c a l  model p r e d i c t s  t h e  same t y p e  of e r o s i o n  p a t t e r n  

t h a t  occur red  i n  t h e  b a s e l i n e  n o z z l e .  S ince  t h e  measured d a t a  c o n t a i n s  con- 

s i d e r a b l e  s c a t t e r  between maximum and minimum, e x a c t  c o r r e l a t i o n  is  imposs ib le  

and improvements i n  t h e  t echn ique  a r e  n o t  deemed necessa ry  f o r  p r e d i c t i n g  t h e  

performance t r e n d  of v a r i o u s  a b l a t i v e  d e f e c t s .  A s  noted i n  S e c t i o n  I I I , A ,  t h e  

d e f e c t  a r e a s  were p laced  i n  t h e  e n t r a n c e  r e g i o n ,  t h r o a t  i n s e r t ,  and e x i t  cone.  

S ince  t h e  thermal  model under -p red ic t s  t h e  e r o s i o n  i n  t h e  e n t r a n c e  r e g i o n ,  no 

f u r t h e r  c a l c u l a t i o n s  were a t t empted .  Thus, t h e  a n a l y s i s  of d e f e c t s  i n  t h e  

t h r o a t  ( S t a t i o n  4 )  and t h e  e x i t  cone ( S t a t i o n  7 )  on ly  were cons idered .  

Using t h e  t echn ique  d e s c r i b e d  above f o r  t h e  b a s e l i n e  n o z z l e ,  

seven d i f f e r e n t  a b l a t i v e  component d i s c r e p a n c i e s  were analyzed.  The p a r t i c u l a r  

n o z z l e s  s e l e c t e d  f o r  a n a l y s i s  r e p r e s e n t e d  a l l  t h e  t y p e s  of p o s s i b l e  anomal ies  

cons idered  i n  t h i s  program which can b e  p r e d i c t e d  by t h e  thermal  model. These 

i n c l u d e ;  c u r e  c y c l e s ,  such a s  a u t o c l a v e  o r  vacuum bag; i n c o n s i s t e n t  r e s i n - r i c h  

o r  - s t a r v e d  a r e a s ;  and low apparen t  d e n s i t i e s .  The r e s u l t s  of t h e s e  c a l c u l a -  

t i o n s  a r e  d i s c u s s e d  i n  t h e  f s l l o w i n g  paragraphs .  
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F i g u r e s  V I I - 1 1  through VII-19 r e p r e s e n t  t h e  thermal  p r o f i l e s  

a t  burnou t  f o r  t h e  t h r o a t  and e x i t  cone s t a t i o n  of each r e s p e c t i v e  n o z z l e  ana- 

l y z e d .  Also no ted  i n  each f i g u r e  is  t h e  maximum tempera tu re  envelope which i s  

used t o  d e f i n e  t h e  p r e d i c t e d  v i s i b l e  c h a r  zone t h i c k n e s s .  A summary of t h e  

thermal  a n a l y s i s  r e s u l t s  i s  p r e s e n t e d  i n  Table  VII-4. 

a .  B a s e l i n e  Nozzle 

The thermal  g r a d i e n t s  f o r  each b a s e l i n e  n o z z l e  a r e  a g a i n  

p r e s e n t e d  i n  F i g u r e s  V I I - 1 1  and VII-12. These d a t a  have p r e v i o u s l y  been d i s -  

cussed i n  d e t a i l  and a r e  provided on ly  f o r  t h e  purpose of comparing t h e  d i s -  

c r e p a n t  components w i t h  a d e f e c t - f r e e  nozz le .  

b .  Cure Cycles 

The i n f l u e n c e  of c u r e  c y c l e  on a b l a t i v e  performance i s  

d e p i c t e d  i n  F i g u r e s  VII-13 and VII-14. Of t h e  two c u r e  c y c l e s  ana lyzed ,  vacuum 

bag and a u t o c l a v e ,  t h e  a u t o c l a v e  c y c l e  compared f a v o r a b l y  w i t h  t h e  b a s e l i n e  

e r o s i o n  d a t a ,  w h i l e  t h e  vacuum bag components r e s u l t  i n  a  42 p e r c e n t  h i g h e r  

p r e d i c t i o n  a t  t h e  t h r o a t .  Comparing t h e s e  v a l u e s  w i t h  t h e  a c t u a l  f i r i n g s  

i n d i c a t e s  t h e  a u t o c l a v e  p a r t s  perform somewhat b e t t e r  t h a n  b a s e l i n e ,  0.16 i n .  

(0.406 cm) compared t o  0.192 i n .  (0.489 cm) average ,  w h i l e  t h e  vacuum bag t h r o a t  

i n s e r t  showed a  0 .27 i n .  (0.686 cm) average  e r o s i o n  which i s  a s  p r e d i c t e d ,  40 

p e r c e n t  h i g h e r  t h a n  t h e  b a s e l i n e .  

I n  t h e  e x i t  cone,  t h e  p r e d i c t e d  e r o s i o n  d i f f e r e d  by o n l y  

4 .5  m i l s  (0.0637 t o  0 .0683) ,  w h i l e  t h e  measured v a l u e s  v a r i e d  i n  t h e  same manner 

between 0 .02 i n .  (0.050 cm) f o r  t h e  a u t o c l a v e  c u r e  and 0 .05 i n .  (0.127 cm) f o r  

t h e  lower d e n s i t y  vacuum bag. The r a t h e r  l a r g e  v a r i a n c e  i n  measured d a t a  f o r  

a g i v e n  n o z z l e  (up t o  f o u r  t o  one) make any conc lus ion  r e g a r d i n g  t h e  a n a l y t i c a l  

model somewhat d i f f i c u l t  t o  r e a c h .  
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c .  Resin  V a r i a t i o n  

The p r e d i c t e d  thermal  performances of n o z z l e  components 

which r e f l e c t  v a r i o u s  r e s i n - r i c h  o r  - s t a rved  a r e a s  a r e  p resen ted  i n  F i g u r e s  

VII-15, VII-16 and VII-17. The f i r s t  two f i g u r e s  r e p r e s e n t  t h e  r e s i n - r i c h  

c o n d i t i o n  wherein  t h e  a n a l y t i c a l  model p r e d i c t e d  0.210 (0.534 cm) and 0.234 i n .  

(0.595 cm), r e s p e c t i v e l y ,  o r  a  d i f f e r e n c e  of 24 m i l s .  Ac tua l  f i r i n g  d a t a  i s  

somewhat lower ,  be ing  0.178 (0.452 cm) and 0.193 i n .  (0.49 cm) average  a t  t h e  

t h r o a t  of each  n o z z l e .  

For t h e  c o n d i t i o n  of r e s i n  s t a r v a t i o n ,  t h e  p r e d i c t e d  

e r o s i o n  from F i g u r e  VII-17 i s  no ted  t o  b e  0.207 i n .  (0.526 cm) which compares 

f a v o r a b l y  w i t h  the  measured v a l u e  of 0.200 i n .  (0.5Q cm). From t h e  t h r e e  s e t s  

of d a t a ,  t h e  a n a l y t i c a l  model w i l l  p r e d i c t  f a v o r a b l e  performance a s  t h e  r e s i n  

c o n t e n t  i s  reduced.  However, t h i s  t r e n d  i s  n o t  apparen t  from t h e  f i r i n g  d a t a ,  

s i n c e  t h e  r e s i n - s t a r v e d  component i s  noted t o  have performed t h e  w o r s t  and t h e  

10-ply r e s i n - r i c h  i n s e r t  t h e  b e s t .  It i s  p o s s i b l e  t h a t  normal v a r i a t i o n s ,  

such as occur red  between t h e  two b a s e l i n e  n o z z l e s ,  masked t h e  s m a l l  d i f f e r e n c e s  

a c t u a l l y  p r e d i c t e d  (0,207 (0.526 cm) t o  0.234 i n .  (0.595 cm) 27 m i l s  t o t a l ) .  

I n  the e x i t  cone,  t h e  v a r i a t i o n  i n  p r e d i c t e d  e r o s i o n  i s  

no ted  t o  be  q u i t e  s m a l l .  The h i g h e s t  p r e d i c t e d  e r o s i o n  i s  a g a i n  a  f u n c t i o n  of 

h i g h e s t  r e s i n  c o n t e n t  o r  from F i g u r e  VII-16, 0.070 i n .  (1.78 cm). I n  con- 

t r a s t ,  t h e  h i g h e s t  measured v a l u e s  occur  i n  r e s i n - s t a r v e d  a r e a s .  The r e a s o n  

f o r  t h i s  anomaly i s  n o t  r e a d i l y  a p p a r e n t  from t h e  r e s u l t s  of one f i r i n g .  

A d d i t i o n a l  d a t a  a r e  r e q u i r e d  t o  v e r i f y  t h e  p robab le  mode of f a i l u r e  f o r  r e s i n -  

s t a r v e d  s i l i c a  components, 
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d .  Low Densi ty  

The remaining two n o z z l e s  analyzed r e f l e c t  t h e  perform- 

ance  induced by a  low d e n s i t y  component. Thermal p r o f i l e s  f o r  t h e s e  p a r t s  a r e  

no ted  i n  F i g u r e s  VII-18 and VII-19, where t h e  p r e d i c t e d  e r o s i o n  a t  t h e  t h r o a t  

i s  0.292 (0.742 cm) and 0.282 i n .  (0.717 cm), r e s p e c t i v e l y .  This  compares t o  

t h e  f i r i n g  r e s u l t s  which are, 0.313 (0.795 cm) and 0.261 i n .  (0.662 cm) average .  

A s  no ted ,  t h e  i n f l u e n c e  of d e n s i t y  f o r  t h e  t h r o a t  i n s e r t  i s  obv ious ly  t r e a t e d  

i n  a  r e a s o n a b l e  manner by t h e  thermal  model. 

I n  t h e  e x i t  cone,  t h e  i n f l u e n c e  of d e n s i t y  a g a i n  i s  n o t  

apparen t  due t o  t h e  d a t a  s c a t t e r .  The p r e d i c t e d  e r o s i o n  shows l i t t l e  e f f e c t  

by r e d u c t i o n  i n  d e n s i t y .  Conversely ,  t h e  average  measured e r o s i o n  dep th  shows 

a lower v a l u e  f o r  a  lower d e n s i t y  p a r t ;  however, t h e  d a t a  s c a t t e r  may a g a i n  

mask t h e  a c t u a l  t r e n d .  

A  t a b u l a t i o n  of a l l  p r e d i c t e d  e r o s i o n  and char  dep ths  

t o g e t h e r  w i t h  analogous measured v a l u e s  f o r  each r e s p e c t i v e  n o z z l e  analyzed 

i s  p resen ted  i n  Table  VII-4. 

B.  STRUCTURAL ANALYSIS 

1. Method 

The s t r u c t u r a l  a n a l y s e s  of t h e  b a s i c  (F igure  111-4) and re -  

v i s e d  (F igure  VI-37) n o z z l e  d e s i g n s  were based on f i n i t e  element t echn iques .  

I n  t h i s  approach,  t h e  con t inuous  s t r u c t u r e  of t h e  composi te  i s  broken up i n t o  

q u a d r i l a t e r a l  e lements  a s  shown i n  F i g u r e  VII-20. These a r e  i n t e r c o n n e c t e d  a t  
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t h e i r  mutual  c o r n e r s  ( c a l l e d  n o d a l  p o i n t s ) .  The model used i n  t h i s  program 

i s  shown i n  F i g u r e  VII-21. Three p l a n e s  of r e f e r e n c e  were used: t h e  a x i a l ,  

which i s  p a r a l l e l  t o  t h e  n o z z l e  c e n t e r l i n e ;  t h e  r a d i a l ,  which is  normal t o  

t h e  n o z z l e  c e n t e r l i n e ;  and t h e  hoop which l i e s  i n  a  c i r c u l a r  a r c  around t h e  

n o z z l e  c e n t e r l i n e .  

To a n a l y z e  t h e  c a p a b i l i t y  of t h e  s t r u c t u r e  t h e  p r o p e r t i e s  

of t h e  m a t e r i a l  used a r e  i n p u t  i n t o  t h e  computer program, a long  w i t h  t h e  v a r i -  

a t i o n  of t h e  p r o p e r t i e s  as a  f u n c t i o n  of temperature .  Also i n p u t  i n t o  t h e  

program a r e  t h e  p r e s s u r e  d i s t r i b u t i o n  a long  t h e  g a s  f low s u r f a c e  and t h e  tem- 

p e r a t u r e  a t  t h e  n o d a l  p o i n t s ,  b o t h  of which a r e  ob ta ined  from t h e  h e a t  t r a n s -  

f e r  a n a l y s i s .  The ou tpu t  of t h e  computer program a r e  s t r e s s e s  and s t r a i n s  f o r  

each e lement .  

2 .  V e r i f i c a t i o n  of Basic  Design 

The p r o p e r t i e s  of t a p e  r e i n f o r c e d  composites used f o r  a b l a t i v e  

n o z z l e s  a r e  s t r o n g l y  a n i s o t r o p i c  w i t h  r e s p e c t  t o  t h e  l a y  of t h e  f a b r i c  r e i n -  

forcement .  Consequently i n  t h e  a n a l y s i s  of t h e  b a s i c  d e s i g n ,  t h e  i n p u t  prop- 

p e r t i e s  were t h o s e  of a composi te  whose p l y  o r i e n t a t i o n  matched t h o s e  of t h e  

s p e c i f i c  n o z z l e  component be ing  analyzed w i t h  r e s p e c t  t o  t h e  c e n t e r l i n e .  

The r e s u l t s  of t h e  a n a l y s i s  of t h e  s t r a i n s  i n  t h e  i n s u l a t i o n  

overwrap of t h e  e x i t  cone 25 s e c  a f t e r  f i r e s w i t c h  a r e  p l o t t e d  i n  F i g u r e  VII-22. 

Maximum s t r a i n  was 0.00037 i n . / i n .  a t  t h e  i n s i d e  f i b e r  of element 357. Simil-  

a r l y  p l o t s  of t h e  s t r a i n  i n  t h e  t h r o a t  and e n t r a n c e  overwraps y i e l d e d  t h e  v a l u e s  

shown i n  Tab le  111-2. 
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3 .  A n a l y s i s  of Disc repan t  Nozzles 

Material p r o p e r t i e s  were determined us ing  specimens c u t  from 

d u p l i c a t e  n o z z l e  components, and whose load ing  a x e s  were a l igned  r a d i a l l y ,  

a x i a l l y  and t a n g e n t i a l l y  w i t h  r e s p e c t  t o  t h e  n o z z l e  c e n t e r l i n e  ( s e e  S e c t i o n  

1V.B.). 

These measured p r o p e r t i e s  were i n p u t  i n t o  t h e  computer pro- 

grams f o r  each of t h e  f lame l i n e r s  t o  check f o r  t h e  l i k l i h o o d  of f a i l u r e .  

Eva lua t ion  of t h e  p l o t t e d  o u t p u t  i n d i c a t e d  t h a t ,  w i t h  a  s t e e l  nozz le  s h e l l  no 

s t r u c t u r a l  f a i l u r e  cou ld  be  induced by any of t h e  d i s c r e p a n c i e s .  It was in-  

d i c a t e d  t h a t  t h e  r i g i d  s t e e l  s h e l l  p laced  t h e  p l a s t i c  components i n  compression.  

To r e v i s e  t h e  s t r e s s  f i e l d  i n  t h e  n o z z l e  assembly, computer 

runs  were made u s i n g  t h e  o r i g i n a l  program, b u t  r educ ing  t h e  t h i c k n e s s  ( d e l e t i n g  

some of t h e  e lements  i n  t h e  i n p u t ) .  I n  t h i s  way, i t  was i n d i c a t e d  a s  a  rough 

approximat ion,  t h a t  t h e  maximum hoop s t r a i n  i n  t h e  o u t s i d e  of t h e  MX-2600 e x i t  

cone f lame l i n e r  shown i n  F i g u r e  VI-37 would be 0.00196 i n . / i n .  a t  12 s e c  a f t e r  

f i r e s w i t c h  and 0.0032 i n . / i n .  a t  25 s e c  when f a b r i c a t e d  wi thou t  d i s c r e p a n c i e s .  

S ince  t h e  o r i g i n a l  program used t h e  t empera tu re  p r o f i l e  of t h e  t h i c k  e x i t  cone,  

t h e  s t r a i n s  i n  t h e  t h i n n e r  e x i t  cone would be  somewhat lower due t o  a  h i g h e r  

back-side temperature .  A s t a t e  of i n c i p i e n t  s t r u c t u r a l  f a i l u r e  was i n d i c a t e d ,  

however, and any d e c r e a s e  i n  t h e  m a t e r i a l  p r o p e r t i e s  could  l e a d  t o  f a i l u r e .  
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Table  V I I - 1  

T h e o r e t i c a l  Equi l ib r ium Gas Composition, ms1es/100 g 

Chamber Exhaust Chamber Exhaus t 
a t  5836'F a t  3434'F a t  5719'F a t  3715OF Produc t  

Q.  2563 (1)  0 . 2779 ( s )  0.2572 (1)  0.2775 (a) 

lOOg p r o p e l l a n t  3.5520 3.4350 
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Table V I I - 3  

Summary of Baseline Nozzle Predictions 

Stat ion 
No. Material 

MX-2600 

MX-4926 

MX-4926 

MX-4926 

MX-4926 

MX-2600 

MX-2600 

MX-2600 

Regression 

i n .  (mm) --  

Char (Includes Regression) 

Case 1 Case 2 Case 3 Case 4 

i n .  (mm) --  - -  in .  (mm) - -  in .  (mm) - -  in .  (m) 

Case 1 corresponds t o  densi ty 1% higher than f u l l y  charred densi ty.  

Case 2 corresponds t o  densi ty 5% higher than f u l l y  charred density. 

Case 3 - llOO°F (866 k )  isotherm. 

Case 4 corresponds t o  densi ty 1% lower than v i rg in  densi ty.  



Test  
NO. -. 

1 

Nozzle Type 

Autoclave 

Base l ine  

Base l ine  

Vacuum Bag 

Resin Rich, 
20 p l i e s  

Resin Starved, 
10 p l i e s  

70-80% Density 

Resin Rich, 
10 p l i e s  

80-90% Oensi t y  

Nozzle 
SN - 

004 

002 

001 

003 

008 

013 

01 9 

007 

020 

Table V I I - 4  

Results of Deviation Nozzle Thermal Analyses 

Carbon Eros ion  Carbon Char S i l i c a  Eros ion  S i l i c a  Char 

Pred ic ted  Actual  Pred ic ted  Actual Pred ic ted  Actual  Pred ic ted  Actual 

MaxIMin Average Average MaxIMin Average Average 

i n .  (mm) i n .  ( m )  i n .  (mn~)  i n .  (mm) i n .  (mm) i n .  ( m )  i n .  (mm) i n .  (mn) i n .  (mn) i n .  (mn) 

0.208 5.28 0.17/0.15 4,313.8 0.160 4.06 0.411 10.44 0,340 8.64 0.0637 1.618 0.04/0.01 1.0/0.3 0.02 0.5 0.190 4.83 0.130 3.30 

0.208 5.28 0.2310.19 5.814.8 0.220 5.59 0.400 10.16 0.380 9.65 0.0633 1.608 0.06/0.03 1.510.8 0.04 1.0 0.186 4.72 0.180 4.57 

0.209 5.31 0.20/0.14 5.113.6 0.170 4.32 0,403 10.24 0.360 9.14 0.0638 1.620 0.06/0.03 1.510.8 0.05 1.27 J.187 4.75 0.190 4.83 
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Figure  V I I - 4  
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F i g u r e  VII -6  
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F i g u r e  VLP-9 
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V I I I .  EVALUATION OF REPAIR TECHNIQbTES 

A .  TEST MATRIX 

The v e r i f i c a t i o n  f i r i n g s  ( S e c t i o n  VI) con£ irmed t h a t  s i g n i f i c a n t  

changes i n  a b l a t i v e  performance could r e s u l t  from g r o s s  d e n s i t y  and r e s i n  

c o n t e n t  v a r i a t i o n s  and from de lamina t ions  and w r i n k l e s  w i t h i n  t h e  a b l a t i v e  

p l a s t i c  n o z z l e  component. Fur thermore,  t h e  p resence  of e i t h e r  of t h e  l a t t e r  

two d i s c r e p a n c i e s  i n c r e a s e d  t h e  p r o b a b i l i t y  of mechanical  f a i l u r e .  

V o l a t i l e  con ten t  up t o  4 .5  p e r c e n t ,  water  from bag l eakage  (up t o  

4 . 6  p e r c e n t )  and o t h e r  c u r e  c y c l e  mal func t ions  had no s i g n i f i c a n t  e f f e c t s  on 

t h e  performance of t h e  d i s c r e p a n t  n o z z l e  components and were e l i m i n a t e d  from 

f u r t h e r  c o n s i d e r a t i o n  of r e p a i r .  

A t o t a l  of e i g h t  n o z z l e  assembl ies  were ass igned  f o r  u s e  i n  t h i s  

t a s k .  I n  s e l e c t i n g  t h e  r e p a i r  t echn iques  t o  be  e v a l u a t e d ,  pr imary c o n s i d e r a t i o n  

was g i v e n  t o  r e p a i r s  t h a t  could b e  made w i t h o u t  removing and r e p l a c i n g  d i s c r e p -  

a n t  a r e a s ;  a s  a  r e s u l t  of p rev ious  work (References  1, 2 ,  3 ,  and 10)  

t h i s  type  of r e p a i r  was cons idered  t o  b e  s a t i s f a c t o r y  wi thou t  t h e  need of 

f u r t h e r  c o r r o b o r a t i o n .  

1. Delanina t i o n s  

R e p a i r  ~ r o c e d u r e s  were i n v e s t i g a t e d  t h a t  f i l l e d  o r  s e a l e d  t h e  

s e p a r a t i o n s  between t h e  p l i e s  of t h r o a t  and e x i t  i n s e r t s ,  The delaminated 

components f o r  t h e  v e r i f i c a t i o n  f i r i n g s  were f a b r i c a t e d  by i n t r o d u c i n g  t e f  l o n  

wafe rs  between the p l i e s  of t h e  p repreg  m a t e r i a l  a t  c e r t a i n  l o c a t i o n s  i n  known 

s i z e s  and amounts f o r  c o n t r o l  purposes .  The t e f l o n  wafe rs ,  however, could  n o t  

be  removed a£  t e r  i n s e r t i o n .  For t h e  p r e s e n t  s e r i e s  of t e s t s ,  t h e  o b j e c t i v e  was 

t o  d u p l i c a t e  n a t u r a l l y  o c c u r r i n g  de lamina t ions  and t h e n  r e p a i r  them, Four 

s e p a r a t e  a s s e m b l i e s ,  a s  noted i n  Tab le  V I I I - 1 ,  were ass igned  t o  e v a l u a t e  
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r e p a i r  procedures  f o r  d e l a m i n a t i o n s ,  One assembly w a s  used t o  measure t h e  

performance of t h e  de lamina ted  p a r t s ;  t h e  o t h e r  t h r e e  e v a l u a t e d  r e p a i r s  made 

by r e s i n  impregnat ion and by t a p e  overwrapping.  

2 .  Wrinkles  

Two s e p a r a t e  assembl ies  t o  e v a l u a t e d  r e p a i r  p rocedures  f o r  

w r i n k l e s .  One assembly was used t o  measure t h e  performance of p a r t s  w i t h  

n a t u r a l l y  o c c u r r i n g  w r i n k l e s ;  t h e  o t h e r  e v a l u a t e d  t h e  u s e  of r e s i n  impregnat ion.  

3 .  Low Dens i ty  

Two a s s e m b l i e s  were a s s i g n e d  t o  conf i rm f u r t h e r  t h e  r e l a t i o n -  

s h i p  between d e n s i t y  and s u r f a c e  r e g r e s s i o n .  The t h r o a t  i n s e r t s  of bo th  assem- 

b l i e s  were used f o r  conf i rmat ion ;  t h e  e x i t  i n s e r t s  were used t o  e v a l u a t e  t h e  

u s e  of r e s i n  impregnat ion f o r  r e p a i r .  

B . FABRICATION 

1, M a t e r i a l s  

MX-4926 carbon f a b r i c  r e i n f o r c e d  phenol ic  and MX-2600 s i l i c a  

f a b r i c  r e i n f o r c e d  p h e n o l i c  p repregs  were  used t o  f a b r i c a t e  t h e  r e p a i r  n o z z l e  

a s s e m b l i e s .  The p r o p e r t i e s  of t h e  prepreg t a p e s  a r e  shown i n  T a b l e  VIII-2 ,  

Although from d i f f e r e n t  l o t s  t h a n  t h o s e  used i n  t h e  d i s c r e p a n t  n o z z l e  (Tab le  

IV-1) , t h e  p r o p e r t i e s  a r e  s i m i l a r ,  

Two t y p e s  of r e s i n  impregnants were used t o  r e p a i r  t h e  s e l e c t e d  

n o z z l e  a s s e m b l i e s .  One t y p e  was a  two-part room tempera tu re  cur ing  epoxy (Epon 

919, l o t  number 5LAB901, manufactured 5/69) ; t h e  o t h e r  was a  two-part room tem- 

p e r a t u r e  cur ing  f u r f u r a l  (Furane X-2, b a t c h  B-3962, manufactured 4 /69) .  
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2 .  F a b r i c a t i o n  

a ,  I n t r o d u c t i o n  of Defec t s  

The d i s c r e p a n t  nozz les  c o n t a i n i n g  de lamina t ions  had been  

f a b r i c a t e d  by i n s e r t i n g  t e f l o n  shims between t h e  p l i e s  of p repreg  t a p e  ( S e c t i o n  

I I I D 5 )  Although t h i s  was a n  e x c e l l e n t  means of s e t t i n g  t h e  bounds of t h e  

d e f e c t ,  i t  had t h e  d i sadvan tage  t h a t  t h e  shims could  n o t  b e  removed. While 

t h i s  d i d  n o t  a f f e c t  t h e  a b l a t i v e  o r  s t r u c t u r a l  behavior  of t h e  composite,  s i n c e  

t h e  t e f l o n  v a p o r i z e d  d u r i n g  t h e  s t a t i c  t e s t  f i r i n g ,  t h e  t e f l o n  shims p reven ted  

r e p a i r i n g  t h e  del-aminations by r e s i n  impregnat ion.  Accordingly ,  t h e  procedure  

f o r  i n t r o d u c i n g  d e l a m i n a t i o n s  w a s  r e v i s e d .  Delaminations i n  n o z z l e  assembl ies  

2 1  through 24 were in t roduced  by u s i n g  overadvanced p r e p r e g ,  

Wrinkles were  in t roduced  by reducing t h e  r o l l e r  p r e s s u r e  

and t a p e  t e n s i o n  a t  p r e s e l e c t e d  p o i n t s  dur ing  wrapping of t h e  t h r o a t  and e x i t  

l i n e r s  s o  t h a t  t h e  m a t e r i a l  bunched s l i g h t l y  dur ing  c u r i n g .  Low d e n s i t y  was 

i n t r o d u c e d  by m a i n t a i n i n g  t h e  r o l l e r  p r e s s u r e  a t  lower t h a n  normal v a l u e s  

dur ing  wrapping.  

A l l  components excep t  t h e  low d e n s i t y  t h r o a t s  and e x i t  

s e c t i o n s  were cured  i n  a n  a u t s c i a v e  a t  125 p s i g  (0 .86  M N / ~ ~ ) .  The low d e n s i t y  

p a r t s  were cured a t  a vacuum of 26 i n .  Hg. A l l  p a r t s  were cured a t  310 - + 10°F. 

Dens i ty  and v o l a t i l e  con ten t  measurements were made a f t e r  

c u r i n g ,  The r e s u l t s  a r e  shown i n  T a b l e  VIII-3 ,  V o l a t i l e  c o n t e n t s  were a l l  

w e l l  below 3 percer:t; d e n s i t y  measurements i n d i c a t e d  t h a t ,  excep t  f o r  two 

i n s t a n c e s ,  t h e  planned d e n s i t i e s  were  ach ieved .  I n  t h e  f i r s t  i n s t a n c e ,  t h e  

MX-4926 p o r t i o n  of e x i t  s e c t i o n  22 was found t o  b e  80.5  l b / c u  f t  (1.29 gm/cc),  

which is  lower t h a n  normal.  I n  t h e  second i n s t a n c e ,  t h e  d e n s i t y  of t h r o a t  
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i n s e r t  27 was found t o  be  89.2 l b / c u  f t  (1 .43  gm/cc), much h i g h e r  t h a n  t h e  

d e s i r e d  d e n s i t y  of 78.0 l b / c u  f t  (1.25 gm/cc),  

b . R e s i n  Impregnat ion 

A l l  p a r t s  t o  be  r e p a i r e d  by r e s i n  impregnat ion were 

c leaned  by wiping wi th  methyl  e t h y l  ke tone  and were d r i e d  under ambient condi-  

t i o n s  f o r  30 minutes  p r i o r  t o  i n s e r t i o n  i n  t h e  impregnat ing v e s s e l .  A f t e r  

i n s e r t i o n  i n  t h e  v e s s e l ,  t h e  p a r t  was mainta ined under a vacuum of 25 i n .  Hg 

f o r  4 h o u r s ,  The r e s i n  impregnant (Epon 919 o r  Furane X-2) was metered i n t o  

t h e  chamber i n  a q u a n t i t y  s u f f i c i e n t  t o  submerge t h e  p a r t  being t r e a t e d .  

L iqu id  submersion of t h e  p a r t  was main ta ined  f o r  1 hour  minimum, a f t e r  which 

t h e  vacuum was r e l e a s e d  and t h e  p a r t  w a s  removed t o  d r a i n  o f f  t h e  excess  r e s i n ,  

Res in  c u r i n g  was e f f e c t e d  by m a i n t a i n i n g  t h e  impregnated p a r t  a t  room temper- 

a t u r e  f o r  8 hours  minimum, 

C .  STATIC TEST 

The s t a t i c  t e s t  f i r i n g s  of t h e  r e p a i r e d  n o z z l e  assembl ies  were 

conducted i n  accordance w i t h  t h e  procedures  d e s c r i b e d  i n  S e c t i o n  V I I , A , l .  

The p ressure - t ime  c u r v e s  a r e  reproduced i n  F i g u r e s  V I I I - 1  through VIII-8 .  

The p r e s s u r e s  and burn  t imes  a r e  l i s t e d  i n  T a b l e  VIII-4 ,  There  do n o t  appear  

t o  b e  any anomal ies  i n  t h e  motor performance,  

D .  PERFORMANCE ANALYSIS 

A f t e r  s t a t i c  t e s t ,  t h e  n o z z l e  components were removed from t h e  

s t e e l  s h e l l  and examined v i s u a l l y .  The n o z z l e  e n t r a n c e  i n s e r t s ,  a l l  of which 

were f a b r i c a t e d  w i t h o u t  in t roduced  d i s c r e p a n c i e s ,  were examined t o  de te rmine  

whether  t h e  m a t e r i a l  removal was l o c a l i z e d  o r  whether c r a c k s  had occur red .  
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N e i t h e r  of t h e s e  c o n d i t i o n s  were observed.  The t h r o a t  and e x i t  i n s e r t s ,  i n  

which d i s c r e p a n c i e s  were  i n t r o d u c e d ,  were examined i n  more d e t a i l .  

Fol lowing t h e  v i s u a l  examinat ion,  t h e  n o z z l e  components were sec -  

t i o n e d  a t  f i v e  angu la r  l o c a t i o n s  a s  b e f o r e ,  and measurements of r e g r e s s i o n  and 

char  dep th  were made. Samples of t h e  char were t h e n  removed from t h e  t h r o a t  

and forward and a f t  e x i t  i n s e r t s  t o  de te rmine  t h e i r  d e n s i t i e s .  The r e g r e s s i o n  

and c h a r  p r o f i l e s  a r e  shown i n  F i g u r e s  VIII-9 through VIII-16.  The r e g r e s s i o n  

and c h a r  r a t e s  a t  s p e c i f i c  l o c a t i o n s  a r e  shown i n  Tab les  VIII -5  through VIII-8 .  

1. Ent rance  I n s e r t s  

The r e g r e s s i o n  and char  d e p t h s  of t h e  MX-2600 e n t r a n c e  s e c -  

t i o n s  a r e  shown i n  Tab le  VIII-5.  As a  group,  t h e  performance of t h e s e  e n t r a n c e  

s e c t i o n s  was no t  a s  good a s  t h o s e  of t h e  p rev ious  twenty n o z z l e s .  The a v e r a g e  

r e g r e s s i o n  r a t e  was 11.80 m i l s / s e c  and t h e  char  r a t e  was 1 5 , 2 l m i l s / s e c ,  com- 

pared  t o  t h e  p r e v i o u s l y  o b s e w e d  9 .85 and 13.35 m i l s / s e c ,  r e s p e c t i v e l y .  I t  i s  

tempting t o  s p e c u l a t e  t h a t  t h i s  lowered performance i s  a consequence of t h e  
3 

decreased  d e n s i t y  of t h i s  group compared t o  t h e  f i r s t  (107.3 v s  109.8  l b / f  t ) 

Other  d i f f e r e n c e s  a l s o  c o n t r i b u t e d ,  however, such as t h e  d i f f e r e n c e s  between 

prepreg  l o t s ,  t h e  d i f f e r e n c e s  between f a b r i c a t o r  t echn iques  and p rocedures ,  

and t h e  u s e  of d i f f e r e n t  t e s t  motors .  

a .  Throa t  I n s e r t s  

The v i s u a l  appearances  of t h e  t h r o a t  i n s e r t s  f a b r i c a t e d  

w i t h  i n t r o d u c e d  de lamina t ions  a r e  shown i n  F i g u r e  VIII-17.  The delaminated 

and u n r e p a i r e d  i n s e r t  (21) had wider  and deeper s u r f a c e  s e p a r a t i o n s  t h a n  t h o s e  

i n  t h e  r e s i n  impregnated i n s e r t s  (22 and 2 3 1 ,  The nondisc repan t  i n s e r t  (24) 

had o n l y  a  few s h a l l o w  s e p a r a t i o n s  a f t e r  f i r i n g .  
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F i l l i n g  t h e  spaces  between delaminated p l i e s  wi th  r e s i n  

d i d  no t  improve t h e  a b l a t i v e  performance,  There  was a n  observed improvement 

i n  t h e  epoxy- f i l l ed  t h r o a t  i n s e r t  (22) ( s e e  Table  VI I I -6 ) ,  i n  which t h e  r e g r e s -  

s i o n  r a t e  a t  t h e  1 .81- in .  r a d i u s  a t  which t h e  d e l a m i n a t i o n  occurred was measured 

t o  b e  5.35 m i l s / s e c  compared t o  a n  average  of 5.74 m i l s l s e c  f o r  d e f e c t - f r e e  

a r e a s  of t h e  same t h r o a t  i n s e r t .  However, i f  one examines t h e  r e g r e s s i o n  r a t e s  

of t h e  t h r e e  u n f i l l e d  t h r o a t  i n s e r t s  (21,  24, and 25) i n  d e f e c t - f r e e  a r e a s  a t  

1 .81- in .  r a d i u s ,  it w i l l  be  no ted  t h a t  t h e r e  was a  low of 4.64 m i l s / s e c  (21) 

t o  a  h igh of 6 , 0 3  m i l s / s e c  (24) and t h e  average  w a s  5.55 m i l s / s e c .  S i n c e  t h e  

measured r e g r e s s i o n  r a t e s  of t h e  epoxy- f i l l ed  i n s e r t  f a l l  w i t h i n  t h e s e  l i m i t s ,  

t h e r e  is  no a p p a r e n t  s i g n i f i c a n c e  t o  t h e  improved r a t e  a t  t h e  epoxy- f i l l ed  

de lamina t ions .  The r e g r e s s i o n  r a t e  a t  t h e  1.78-in.  r a d i u s  a t  which t h e  delami- 

n a t i o n  occur red  was measured t o  be  7.03 m i l s l s e c  compared t o  5.76 m i l s / s e c  f o r  

t h e  d e f e c t - f r e e  a r e a s  of t h e  same i n s e r t  and a n  average  of 4.69 m i l s / s e c  f o r  t h e  

t h r e e  u n f i l l e d  t h r o a t  i n s e r t s  

b .  E x i t  S e c t i o n s  

V i s u a l l y ,  t h e r e  were few d i f f e r e n c e s  among t h e  f o u r  

e x i t  s e c t i o n s  f a b r i c a t e d  w i t h  in t roduced  de lamina t ions  (F igure  VIII-18). The 

delaminated a r e a s  i n  t h e  MX-4926 forward e x i t  s e c t i o n s  were s e v e r e l y  a t t a c k e d  

dur ing f i r i n g ,  and p i e c e s  s e p a r a t e d  a long t h e  delaminated p l i e s  dur ing  t h e  

s e c t i o n i n g  o p e r a t i o n s  p r e p a r a t o r y  t o  t h e  measurement of char  d e p t h s ,  M a t e r i a l  

removal was n o t  s o  g r e a t  i n  t h e  MX-2600 a f t  e x i t  s e c t i o n s ,  b u t  because  t h e  

t h i n  s e c t i o n s  were comple te ly  c h a r r e d  a f t e r  s t a t i c  t e s t ,  p l y  s e p a r a t i o n  occur red  

dur ing  s e c t i o n i n g .  

It was found t h a t  r e s i n  f i l l  was i n e f f e c t i v e  i n  improving 

t h e  a b l a t i v e  performance of t h e  delaminated p o r t i o n s  of t h e  MX-4926 forward 

e x i t  s e c t i o n s ,  The c o r r e c t e d  r e g r e s s i o n  d a t a  (Table  VIII-7) show t h a t ,  a t  b e s t ,  

t h e  r e p a i r e d  a r e a  f i l l e d  w i t h  Furane r e s i n  had t w i c e  t h e  r a t e  of r e g r e s s i o n  t h a t  

was observed i n  i ts def e c t - f r e e  c o u n t e r p a r t .  
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I n  t h e  a f t  e x i t  s e c t i o n ,  comprised of MX-2600, t h e  same 

l a c k  of improvement was recorded  ( s e e  Tab le  VI I I -8 ) ,  a l t h o u g h  t h e  f i l l e d  de- 

f e c t i v e  a r e a s  had r e g r e s s i o n  rates no h i g h e r  t h a n  t h e  d e f e c t - f r e e  a r e a s .  

3 ,  Wrinkles 

a ,  Throa t  I n s e r t s  

F i g u r e  VIII-19 shows t h a t  t h e  wr ink led  and r e p a i r e d  t h r o a t  

i n s e r t  (26) w a s  more p i t t e d  and s e p a r a t e d  than  t h e  u n r e p a i r e d  i n s e r t  (25) .  Com- 

p a r i s o n  of t h e  r e g r e s s i o n  r a t e s  of d e f e c t i v e  and d e f e c t - f r e e  a r e a s  of t h e  i n s e r t s  

(Table  VIII-6) shows t h a t  r e s i n  f i l l i n g  d i d  n o t  improve t h e  a b l a t i v e  performance.  

b .  E x i t  S e c t i o n s  

Both t h e  v i s u a l  appearance ( F i g u r e  VIII-20) and t h e  

r e g r e s s i o n  d a t a  (Table  VIII-7) show t h a t  r e s i n  f i l l  w a s  of no v a l u e  f o r  t h e  

MX-4926 forward e x i t  s e c t i o n s ,  S i n c e  t h e  MX-2600 a f t  e x i t  s e c t i o n s  were f a b r i -  

c a t e d  w i t h o u t  w r i n k l e s ,  o b s e r v a t i o n s  were  made of t h e  performance of e x i t  

i n s e r t  25, which was no t  r e s i n  f i l l e d .  I t  may b e  i n f e r r e d ,  however, from t h e  

r e s u l t s  of t h e  delaminated and f i l l e d  i n s e r t s  t h a t  r e s i n  f i l l  would s e r v e  no 

u s e f u l  purpose  ig r e p a i r i n g  t h e  e f f e c t s  of wr ink les  i n  s i l i c a  f a b r i c  r e i n f o r c e d  

a b l a t i v e  c o ~ l p o s i t e s ,  

4 ,  Low Dens i ty  - 

a .  Throa t  I n s e r t s  

The t h r o a t  i n s e r t s  i n  n o z z l e  assembl ies  27 and 28 were 

t e s t e d  i n  t h e  as - - fabr ica ted  c o n d i t i o n ,  wi thou t  any r e p a i r ,  A f t e r  t e s t ,  w h i l e  
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s u r f a c e  s e p a r a t i o n s  were more numerous i n  t h e  denser  of t h e  two i n s e r t s  (27 i n  

F i g u r e  VIII-21) measurements of s u r f a c e  r e g r e s s i o n  (Table  VIII-6) show t h a t  

i n s e r t  28 exper ienced a r e g r e s s i o n  r a t e  60 p e r c e n t  g r e a t e r  t h a n  t h a t  of i n s e r t  

27  and 160 p e r c e n t  g r e a t e r  t h a n  t h e  average r a t e  of t h e  d e f e c t - f r e e  m a t e r i a l  

i n  i n s e r t s  21, 24 ,  and 25. 

b  . E x i t  I n s e r t s  

The e x i t  i n s e r t s  i n  n o z z l e  assembl ies  27 and 28 were 

t e s t e d  i n  t h e  r e s i n - f i l l e d  c o n d i t i o n .  A f t e r  t e s t  t h e r e  was l i t t l e  v i s u a l  

d i f f e r e n c e  between t h e  two ( F i g u r e  VIII-22) .  Measurements of r e g r e s s i o n  and 

char  d e p t h s  i n  t h e  MX-4926 ( 2  . I - i n .  r a d i u s  of Tab le  VIII-7) and MX-2600 (2 .93  

and 3 .7- in .  r a d i i  of T a b l e  VIII-8) p o r t i o n s  of t h e  e x i t  s e c t i o n  i n d i c a t e  t h a t  

r e s i n  f i l l  was of no v a l u e  i n  overcoming t h e  e f f e c t  of low d e n s i t y  ( p o r o s i t y )  

i n  t h e  carbon f a b r i c  (MX-4926) p o r t i o n ,  b u t  w a s  b e n e f i c i a l  i n  t h e  s i l i c a  

f a b r i c  (MX-2600) p o r t i o n .  
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TABLE VJLIZ-61 

PROPERTIES OF PREQREG MATERIALS USED I N  REPAIR NOZZLE COMPONENTS 

L o t  Number 

R o l l  Number 3 1 3A 3B 

Res in  S o l i d s ,  % 34.8 34.7 33.2 33.0 

V o l a t i l e  Content ,  % 4.5 4.4 3.9 3.9 

Laminate  Flow, % a t  150 p s i  5.0 14.1 P. - - 
% a t  500 p s i  - - 14.0 

12.7 
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TABLE VIII-3 

Nozzle Assembly 

2 1 

PROPERTIES OF REPAIR NOZZLE COMPONENTS 

Material 

MX- 2600 

MX-4925 

Location 

Entrance 
Throat 
Exit  
Entrance 
E x i t  
Entrance 
Throat 
Exit  
Entrance 
Exit 
Entrance 
Throat 
Exit 
Entrance 
Exit  
Entrance 
Throat 
Exit 
Entrance 
Exit  
Entrance 
Throat 
E x i t  
Entrance 
E x i t  
Entrance 
Throat 
Exit 
Entrance 
Exit 
Entrance 
Throat 
E x i t  
Entrance 
E x i t  
Entrance 
Throat 
Exit 
Entrance 
E x i t  

Vola t i le  
Content, % 

Density , 
1b/cu f t  gmlcc 

88 .O 1.41 
93.6 1.50 
91.7 1.47 

106.7 1.71 
108.0 1.73 
89.9 1.44 
91 .1 1.46 
80.5 1.29 

108.0 1.73 
108.0 1.73 
86.1 1.38 
91 .1 1.46 
91 .7 1.47 

107.3 1.72 
108.0 1.73 
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TABLE VIII-5 

Test No. 

2 1 

22 

2 3 

2 4 

25 

CORRECTED* REGRESSION AND CHAR DEPTH OF MX-2600 
IN ENTRANCE SECTION AT 3.25 in.  rad (E  = 3.5) 

Regression Char Depth 
Total Rate Total Rate 

in.  mm milslsec mm/s ec in .  mm mi ls/sec mm/sec 

"Corrected to 600 psia chamber pressure 



Table V I I I - 6  

Discrepancy/Repai r  L o c a t i o n  

Delaminat ions/None 1.81 R ( fwd)  
( k f e c t  f r e e  areas,) 1.78 R ( fwd)  
LDefect f r e e  areas)  1.78 R (fwd) 

elami nat ions/Epoxy 1.81 R (Fwd) 
(De fec t  f r e e  areas)  1.81 R ( fwd)  
Del ami nat ions1Furane 1.78 R ( a f t )  
(De fec t  f r e e  areas)  1.78 R ( a f t )  
NoneINone 1.81 R ( fwd)  
NoneINone 1.78 R ( a f t )  
W r i  n k l  es/None 1.81 R ( fwd)  
( D e f e c t  f r e e  areas)  1.81 R (fwd) 
(De fec t  f r e e  a reas)  1.78 R ( a f t )  
blri n k l  es/Furane 1.81 R (fwd) 
(De fec t  f r e e  a reas)  1.87 R (fwd) 
Low Densi ty lNone 1.81 R (fwd) 
Low Densi ty lNone 1.81 R (fwd) 

Corrected Regression and Char Depth of MX-4926 
i n  Throat I n s e r t  

Char Dens i t y  
l b / c u  f t  gmlcc 

Regression 
T o t a l  Rate 

i n .  mm m i l l s e c  mmlsec - -- 

Char Depth 
T o t a l  Rate 

i n .  mm m i l l s e c  mmlsec - - -  

"Corrected t o  600 p s i a  chamber p ressure  



Table V I I I - 7  

Corrected Regression and Char Depth of MX-4926 
i n  Ex i t  Sect ion 

Char Density 
Di screpancy/Repai r Location Ib/cu f t  gm/cc 

Delaminations/None 
(Defect f r e e  areas)  

Delaminations/Epo)cy 
(Defect f r e e  a reas )  
Delaminations/Furane 
(Oefect f r e e  areas)  
Delaminations/Overwrap 
(Defect f r e e  a reas )  

Wrinkl es/None 
(Defect f r e e  areas)  
(Defect f r e e  areas)  
(Defect f r e e  areas)  
(Defect f r e e  areas)  
tlrinkl es l furane  
(Defect f r e e  a reas )  
Low Densi ty/Furane 
Low Densi ty/Furane 

Regression 
Total Rate 

in .  - mm -- mil/sec rnmlsec 

Char Depth 
Total Rate 

i n .  mm mil/sec mm/sec - - -  

"Corrected to  600 psia chamber pressure 



Table V I I I - 8  

Corrected Regression and Char Depth of MX-2600 
i n  E x i t  Sec t ion  

I b/cu f t  gm/cc i n .  - mm pp mil/sec mm/sec i n .  - mm -- m i s e c  mrn/sc 

Delaminations/None 
(Defect f r e e  areas)  
(Defect f r e e  areas)  
Del ami nations/Epoxy 
(Defect f r e e  areas)  
Delaminations/Furane 
(Defect f r e e  a reas )  
Delami nations/Overwrap 
(Defect f r e e  a reas )  
(Defect f r e e  areas)  
Wrinkles/None 
(Defect f r e e  a reas )  
(Defect f r e e  a reas )  
Low Densi ty/Furane 
Low Densi ty/Furane 
Low Dens i ty/Furane 
Low Densi ty/Furane 

*Corrected to  600 psia chamber pressure 
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_ NOZZLE CROSS-SECTION AT 0' AND 180' 

NOZZLE CROSS-SECTION AT 90' AND 270' 

NOZZLE CROSS-SECTION AT W' 
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Regression and Char Depth i n  Nozzle S I N  022 

Figure  VIII-10 
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Figure VIII-11 



NASA CK 72702 

. N O Z Z U  CROSS-SECT 

NOZZLE CROSS-SECTION AT 1~' 
i l i i .  , 

2 . 5 4  cm 

s DEVIATION NOZZLE ASSEMBLY N W E R  1141248-- 

Regression and Char Depth i n  Nozzle S/N 024 
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Figure VIII-13 
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Figure  VIII-14 
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I X .  DISCUSSION OF RESULTS 

A.  REGRESSION OF DISCREPANT COMPONENTS 

1. A n a l y s i s  of Var iance  

To e v a l u a t e  t h e  e f f e c t s  of t h e  in t roduced  d i s c r e p a n c i e s ,  

r e g r e s s i o n  and char  r a t e s  were f i r s t  determined f o r  normal m a t e r i a l s .  The 

a v e r a g e  r a t e s  ( 2 )  shown i n  T a b l e  I X - 1  a r e  based on r e s u l t s  o b t a i n e d  f o r  t h e  

b a s e l i n e  nozz les  p l u s  d a t a  from t h e  d e f e c t - f r e e  p o r t i o n s  of n o z z l e s  w i t h  

w r i n k l e s ,  r e s i n - r i c h ,  r e s i n - s t a r v e d ,  and delaminated a r e a s .  The d a t a  from bag 

l eakage ,  temperature  l o s s ,  and autoclave-cured n o z z l e s  were a l s o  inc luded  i n  

de te rmin ing  t h e  normal r e g r e s s i o n  and char  r a t e s ,  s i n c e  t h e i r  r a t e s  f e l l  w i t h i n  

t h e  range  encompassed by t h e  b a s e l i n e  motors ,  The a v a i l a b i l i t y  of 10 t o  1 5  

samples f o r  each m a t e r i a l  made p o s s i b l e  a n  e s t i m a t i o n  of t h e  motor-to-motor 

s t a n d a r d  d e v i a t i o n  (o) f o r  normal m a t e r i a l s .  These v a l u e s  a r e  a l s o  shown i n  

Tab le  I X - 1 .  It was assumed t h a t  t h e  averages  and s t a n d a r d  d e v i a t i o n s  f o r  t h e  

normal m a t e r i a l s  were p o p u l a t i o n  v a l u e s ,  Based on t h e  sample s i z e  invo lved ,  

one would expec t  90 p e r c e n t  of t h e  measurements of r e g r e s s i o n  and char  dep th  

t o  l i e  w i t h i n  p l u s  o r  minus 2.5 s t a n d a r d  d e v i a t i o n s  of t h e  average  v a l u e s .  

Accordingly ,  i t  was assumed t h a t  any v a l u e  f o r  d i s c r e p a n t  n o z z l e s  g r e a t e r  t h a n  

2 .5  s t a n d a r d  d e v i a t i o n s  r e p r e s e n t e d  a  s i g n i f i c a n t  d e p a r t u r e  from t h e  average .  

The comparison of r e g r e s s i o n  and c h a r r i n g  behav ior  among t h e  

twenty n o z z l e  assembl ies  is  shown i n  Tab les  IX-2 through IX-5. The r e s u l t s  

r e v e a l  a v ixed  p a t t e r n  of d i f f e r e n c e s  between d i s c r e p a n t  and normal m a t e r i a l s  

l e a d i n g  t o  t h e  fo l lowing  o b s e r v a t i o n s  : 

a ,  Decreases  i n  v i r g i n  and c h a r r e d  composite d e n s i t i e s  s i g -  

n i f i c a n t l y  i n c r e a s e d  t h e  r e g r e s s i o n  r a t e s  of t h e  MX-4926 m a t e r i a l  i n  t h e  t h r o a t  

and tended t o  i n c r e a s e  t h e  r e g r e s s i o n  r a t e  of t h e  MX-2600 m a t e r i a l  i n  t h e  e x i t  

cone.  
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1 X . A .  Regress ion  of Disc repan t  Components ( c o n t )  

b ,  Cure c y c l e  v a r i a t i o n s  (bag leakages  and t empera tu re  l o s s )  

d i d  n o t  produce s i g n i f i c a n t  e f f e c t s .  

c .  While most of t h e  t e s t s  w i t h  v o l a t i l e  c o n t e n t  d i s c r e p -  

a n c i e s  showed i n c r e a s e s  i n  r a t e s  above t h e  average,  l e s s  than  h a l f  of t h e  

i n c r e a s e s  were s i g n i f i c a n t .  Fur thermore,  when s i g n i f i c a n t  i n c r e a s e s  i n  r e g r e s -  

s i o n  occur red  t h e r e  was no c o r r e l a t i o n  t o  t h e  v o l a t i l e  c o n t e n t .  

d .  The wrinkled MX-4926 t h r o a t s  showed s l i g h t  b u t  n o n s i g n i f i -  

c a n t  i n c r e a s e s  i n  r e g r e s s i o n  r a t e ,  The remainder of t h e  MX-4926 and MX-2600 

wr ink led  p a r t s  showed s i g n i f i c a n t  i n c r e a s e s  i n  r a t e .  Except f o r  t h e  e n t r a n c e  

cap,  t h e r e  w a s  no c o r r e l a t i o n  t o  i n c r e a s i n g  s e v e r i t y .  

e .  S i g n i f i c a n t  i n c r e a s e s  i n  r a t e  were observed i n  t h e  r e s i n -  

r i c h  a r e a s  of MX-4926, a l t h o u g h  t h e r e  w a s  no a p p a r e n t  c o r r e l a t i o n  t o  t h e  r e s i n  

c o n t e n t .  Conversely ,  s i g n i f i c a n t  r a t e  i n c r e a s e s  were observed i n  t h e  r e s i n -  

s t a r v e d  a r e a s  of t h e  MX-2600. 

f ,  P a r t s  w i t h  de lamina t ions  showed g e n e r a l l y  i n c r e a s i n g  

r a t e s  as t h e  number of delaminated p l i e s  i n c r e a s e d .  

2 ,  Thermal Ana lys i s  

From t h e  d i s c u s s i o n  of s t a t i s c a l l y  s i g n i f i c a n t  f a c t o r s  one 

v a r i a b l e  which w a s  no ted  t o  have a g r e a t  i n f l u e n c e  on t h r o a t  e r o s i o n  was t h e  char  

d e n s i t y .  The c h a r r i n g  a b l a t i o n  program h a s  i n p u t s  of r e s i n  c o n t e n t ,  t h u s ,  i t  

could  conce ivab ly  p r e d i c t  t h e  performance of n o z z l e  p a r t s  w i t h  r e s i n - r i c h  and 

r e s i n - s t a r v e d  a r e a s .  Table  IX-6 shows t h e  v a l u e s  of v i r g i n  and f u l l y  c h a r r e d  

MX-4926 (ca rbon  ) and MX-2600 ( s i l i c a )  m a t e r i a l  d e n s i t i e s  used i n  t h e  computer 

p r e d i c t i o n  programs. Also shown a r e  t h e  c h a r  d e n s i t y  v a l u e s  t h a t  were 
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1X.A. Regress ion  of D i s c r e p a n t  Components ( c o n t )  

determined dur ing  t h e  performance a n a l y s e s  of t h e  t e s t - f i r e d  n o z z l e s .  I n  

g e n e r a l ,  t h e  measured and computed v a l u e s  a r e  i n  c l o s e  agreement,  t h e  major  

d i f f e r e n c e s  o c c u r r i n g  w i t h  t h e  r e s i n - s t a r v e d  m a t e r i a l s ,  

To i n d i c a t e  more p r e c i s e l y  t h e  r o l e  of c h a r  d e n s i t y ,  t h e  pre-  

d i c t e d  t h r o a t  r e g r e s s i o n  of t h e  n i n e  n o z z l e s  c o n t a i n i n g  in t roduced  d e n s i t y  

v a r i a t i o n s  a r e  p r e s e n t e d  i n  F i g u r e  I X - 1  a s  a  f u n c t i o n  of computed char  d e n s i t y .  

The p r e d i c t e d  r e s u l t s  a r e  r e p r e s e n t e d  by t h e  s o l i d  curve,  w i t h  t o t a l  r e g r e s s i o n  

d e c r e a s i n g  a s  t h e  d e n s i t y  i n c r e a s e s .  The measured r e g r e s s i o n  v a l u e s  a r e  shown 

a s  ranges  w i t h  open t r i a n g l e s  denot ing t h e  average .  Two a d d i t i o n a l  d a t a  p o i n t s ,  

t h o s e  f o r  t h e  t h r o a t s  of SN 027 and SN 028 a r e  added, s i n c e  t h e  t h r o a t s  were 

l e f t  i n  t h e  a s - f a b r i c a t e d  c o n d i t i o n .  Although t h e r e  i s  some d a t a  s c a t t e r ,  t h e  

measured averages  a r e  v e r y  c l o s e  t o  t h e  p r e d i c t e d  v a l u e s .  It appears ,  t h e r e -  

f o r e ,  t h a t  a  c o n t r o l l e d  weight  l o s s  test could  be  used t o  p r e d i c t  performance.  

3 ,  Regress ion  and A b l a t i v e  Composite P r o p e r t i e s  

The mechanical  and p h y s i c a l  p r o p e r t i e s  of t h e  r e i n f o r c e d  a b l a -  

t i v e  composite test  m a t e r i a l s  changed s i g n i f i c a n t l y  as t h e  d e n s i t y  changed. I n  

a n  e f f o r t  t o  de te rmine  whether measurements of v i r g i n  composi te  p r o p e r t i e s  could 

b e  used t o  p r e d i c t  performance,  comparisons were made a s  fo l lows :  

Tab les  TX-7 and I X - 8  compare t h e  compressive s t r e n g t h  and 

the rmal  c o ~ d u e t i v i t y  of KT-4926 and MX-2600 specimens w i t h  t h e  r e g r e s s i o n  

r a t e s  a t  t h e  t h r o a t  and i n  t h e  e x i t  cone,  r e s p e c t i v e l y .  There  is  no c o r r e l a -  

t i o n  of t h e  regress ion  r a t e  t o  t h e  two d e s i g n a t e d  p r o p e r t i e s .  
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I X .  Discussion o f  Resul t s  (cont)  

B .  THEWELASTIC STRESS ANALYSIS OF NOZZLE SN 016 

Figure  IX-2 is a  p l o t  of t h e  hoop s t r e s s  and hoop s t r a i n  i n  t he  

e x i t  cone t h a t  f a i l e d .  The s t r e s s  p l o t  shows a  waviness of s i g n i f i c a n t  ampli- 

tude,  i nd ica t ing  high d i s c o n t i n u i t y  s t r e s s e s  due to: 

1. Delaminations a t  elements 25, 26 and 27 

2. Thickness t r a n s i t i o n s  a t  elements 44 ,  53 and 63 

3 .  The s t e e l  s h e l l  a t  element 72 

Ind iv idua l ly  and c o l l e c t i v e l y ,  t h e s e  s t r e s s e s  would c o n t r i b u t e  t o  

any f a i l u r e  mode. The poss ib l e  u se  of f i n e r  g r i d  i n  t h i s  a r e a  would have ind i -  

ca ted  t h a t  higher  s t r e s s e s  were present  than those t h a t  were p l o t t e d .  

The hoop s t r a i n  d i s t r i b u t i o n  shows something t h a t  t o  d a t e  i s  unique 

i n  s o l i d  rocke t  e x i t  cone des igns .  Along t h e  outer  f i b e r  t h e r e  i s  present  a  

nega t ive  hoop s t r a i n  combined wi th  a  p o s i t i v e  hoop s t r e s s ,  This  i s  due t o  t h e  

f a c t  t h a t  t h e  outer  s u r f a c e  of t h e  s i l i c a  me te r i a l  i s  a t  1000°F (538OC). A t  

t h i s  temperature,  t h e  c o e f f i c i e n t  of thermal  expansion is negat ive .  Thus, a  

nega t ive  t o t a l  hoop s t r a i n  occurs because t h e  h o t t e r  inner  f i b e r ,  whose coef- 

f i c i e n t  of thermal expansion has re turned  t o  p o s i t i v e ,  prevents  t he  outer  

f i b e r s  from shr inking ,  The r e s t r a i n t  accounts f o r  the  p o s i t i v e  hoop t e n s i l e  

s t r e s s .  

F igure  IX-3 shows t h e  e r r a t i c  a x i a l  and shear  s t r e s s e s  i n  t h e  e x i t  

cone. 

It may be concluded t h a t  i n i t i a l  f a i l u r e  was due t o  l o c a l  burn- 

through and propagated between t h e  p l i e s  of m a t e r i a l  because of t h e  high shear  

and bending s t r e s s e s ,  
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IX, Discuss ion  of R e s u l t s  ( con t )  

C. REPAIR PROCEDURES 

A s  d i s c u s s e d  i n  S e c t i o n  V I I I ,  t h e  r e p a i r  t echn iques  i n v e s t i g a t e d  

were t h o s e  t h a t  i n c o r p o r a t e d  t h e  u s e  of a c c e l e r a t e d  p l a s t i c  r e s i n s  t h a t  c o u l d  

be  cured a t  room tempera tu re .  Both a n  epoxy and a  f u r a n e  b a s e  were i n v e s t i -  

g a t e d .  Ne i the r  improved t h e  a b l a t i v e  performance of delaminated,  wrinkled o r  

porous (low d e n s i t y )  p a r t s ,  The answer may l i e  i n  t h e  f a c t  t h a t  n e i t h e r  r e s i n  

pyro lyzes  t o  form t h e  amount of c h a r  produced by t h e  p h e n o l i c  r e s i n  of t h e  

o r i g i n a l  composite.  

It h a s  s i n c e  been po in ted  o u t  t h a t  t h e r e  are c a t a l y z e d  phenol ic -  

b a s e  r e s i n s  commercially a v a i l a b l e .  One m a t e r i a l ,  marketed by I r o n s i d e s  R e s i n ,  

I n c ,  (Columbus, Ohio) ,  under t h e  d e s i g n a t i o n  DP5-161, may be  cured a t  tempera- 

t u r e s  as low as 120°F. The use  of such a m a t e r i a l  f o r  r e p a i r  purposes would 

bear  inves  t i g a  t i o n .  

Because of t h e  l a c k  of improvement impar ted by res in - impregna t ion ,  

i t  appears  t h a t  d e f e c t s  of a n  i n t o l e r a b l e  s i z e  i n  a b l a t i v e  p l a s t i c s  should 

c o n t i n u e  t o  b e  removed, and b e  rep laced  by bonded-in s e c t i o n s  of a c c e p t a b l e  

and s i m i l a r  m a t e r i a l .  

D. ACCEPT/REJECT CRITERIA 

The o b j e c t i v e  of t h i s  program was t o  de te rmine  a c c e p t - r e j e c t  c r i -  

t e r i a  f o r  a b l a t i v e  p l a s t i c s .  Accordingly ,  t h e  e f f e c t  of each d i sc repancy  on  

t h e  s t r u c t u r a l  and a b l a t i v e  performance of t h e  t e s t  n o z z l e  was ana lyzed .  From 

t h e  r e s u l t s  of t h e  a n a l y s i s ,  accep tance  l i m i t s  a r e  proposed f o r  each t y p e  of 

d i sc repancy  t h a t  w i l l  n o t  r e s u l t  i n  a p p r e c i a b l e  r e d u c t i o n s  i n  performance when 

compared t o  nondisc repan t  n o z z l e s ,  I n  g e n e r a l ,  t h e  a c c e p t a b l e  l i m i t s  were 

e s t a b l i s h e d  on t h e  b a s i s  of a b l a t i v e  performance,  s i n c e  s t r u c t u r a l  f a i l u r e s  of 

a  n o z z l e  from t h e  d i s c r e p a n c i e s  t e s t e d  i s  u n l i k e l y  wi thou t  i n t r o d u c i n g  a  g a s  

f low p a t h  i n  t h e  n ~ z z l e  l i n e r ,  
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A b l a t i v e  performance i s  compared on t h e  b a s i s  of s u r f a c e  r e g r e s s i o n  

and char  depth  a t  v a r i o u s  s t a t i o n s  of t h e  n o z z l e .  The a c c e p t a b i l i t y  of each 

d i sc repancy  beyond t h e  s p e c i f i e d  l i m i t s  must c o n s i d e r  t h e  e f f e c t  of t h e  degra-  

d a t i o n  of motor performance r e s u l t i n g  from enlargement of t h e  n o z z l e  t h r o a t  

a r e a  and i n c r e a s e  i n  t h e  n o z z l e  i n e r t  we igh t .  

1. V o l a t i l e  Content  

V o l a t i l e  c o n t e n t s  up t o  5% showed no a p p r e c i a b l e  i n c r e a s e  i n  

s u r f a c e  r e g r e s s i o n  and char  and t h i s  v a l u e  can be  used a s  t h e  a c c e p t a b l e  l i m i t  

f o r  b o t h  s i l i c a  and carbon p h e n o l i c  m a t e r i a l s .  A 9% v o l a t i l e  c o n t e n t  r e s u l t e d  

i n  s u r f a c e  r e g r e s s i o n  i n c r e a s e s  of 30 t o  70%. I n  a c t u a l  n o z z l e  f a b r i c a t i o n ,  

however, v o l a t i l e  c o n t e n t s  exceeding 5% w i l l  occur  on ly  a s  r e s u l t  of bag l eak-  

age  and w a t e r  impregnat ion i n  a  hydroc lave  c u r e  p r o c e s s .  With t h e  use  of e i t h e r  

t h e  a u t o c l a v e  o r  vacuum bag c u r i n g  p r o c e s s e s ,  a  maximum v o l a t i l e  con ten t  of 5% 

can b e  e a s i l y  a t t a i n a b l e  and i s  recommended a s  t h e  maximum f o r  l a r g e  a b l a t i v e  

n o z z l e s .  

2 .  Delaminat ions  

The e f f e c t  of d e l a m i n a t i o n s  on s u r f a c e  r e g r e s s i o n  and char  

dep th  v a r i e d  widely  dependent upon t h e  l o c a t i o n  i n  t h e  nozz le ,  wrap o r i e n t a -  

t i o n ,  and m a t e r i a l  t y p e .  For ca rbon  p h e n o l i c  m a t e r i a l s  a t  t h e  n o z z l e  t h r o a t  

s t a t i o n ,  seven  p l i e s  of de lamina t ions  r e s u l t e d  i n  30% and 16% i n c r e a s e  i n  s u r -  

f a c e  r e g r e s s i o n  and char  dep th ,  r e s p e c t i v e l y ,  compared w i t h  a  nondisc repan t  

p a r t .  For ca rbon  p h e n o l i c  a t  s t a t i o n s  downstream from t h e  t h r o a t ,  no a p p r e c i -  

a b l e  d i f f e r e n c e  i n  r e g r e s s i o n  o r  c h a r  e x i s t e d  w i t h  seven delaminated p l i e s ,  

b u t  a s u b s t a n t i a l  i n c r e a s e  i n  b o t h  r e g r e s s i o n  and c h a r  was observed wi th  1 4  

delaminated p l i e s ,  For s i l i c a  p h e n o l i c  m a t e r i a l  a t  l a r g e  a r e a  r a t i o  s t a t i o n s  

downstream from t h e  t h r o a t ,  even 14 p l i e s  of de lamina t ions  i n  a  p a r a l l e l - t o -  

c e n t e r l i n e  wrap o r i e n t a t i o n  had no s i g n i f i c a n t  e f f e c t  on r e g r e s s i o n  and c h a r ,  
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For  s i l i c a  p h e n a l i c  a t  s t a t i o n s  upstream from t h e  t h r o a t ,  seven p l i e s  of 

de lamina t ions  i n  t h e  h i g h  o r i e n t a t i o n  wrap l i n e r  r e s u l t e d  i n  90% h i g h e r  r e -  

g r e s s i o n  and 70% h i g h e r  char  dep th  t h a n  a  nondisc repan t  p a r t .  These r e s u l t s  

i n d i c a t e  t h a t  seven  p l i e s  of d e l a m i n a t i o n  i s  t h e  a c c e p t a b l e  l i m i t  f o r  t h e  

p a r a l l e l - t o - c e n t e r l i n e  o r i e n t a t i o n  wrap o f  e x i t  cone s t a t i o n s ,  Delaminations 

should n o t  b e  t o l e r a t e d  a t  t h e  h i g h  wrap o r i e n t a t i o n  a n g l e  i n  t h e  n o z z l e  

e n t r a n c e  and t h r o a t  s e c t i o n s  wi thou t  c o n s i d e r a t i o n  of a n  i n c r e a s e  i n  r e g r e s -  

s i o n  and c h a r .  

I n  a d d i t i o n  t o  t h e  number of delaminated p l i e s ,  t h e  r a d i a l  

l e n g t h  of t h e  d e l a m i n a t i o n  must b e  l i m i t e d  s o  t h a t  s t r u c t u r a l  f a i l u r e  of t h e  

n o z z l e  does  n o t  o c c u r ,  I n  a  n o z z l e  l i n e r  wi thou t  a s t r u c t u r a l  outerwrap o r  

s h e l l ,  t h e  d e l a m i n a t i o n  must n o t  extend through t h e  l i n e r  t o  r e s u l t  i n  a  g a s  

f low p a t h  and subsequent  burnthrough.  S u f f i c i e n t  i n t e r l a m i n a r  s t r e n g t h  of t h e  

l i n e r  must remain t o  r e a c t  a 1 1  t h e  l o a d s  a c t i n g  on  t h e  n o z z l e ,  This  i s  d e t e r -  

mined by s t r u c t u r a l  a n a l y s e s  of t h e  d i s c r e p a n t  c o n f i g u r a t i o n ,  I n  a  n o z z l e  

l i n e r  w i t h  a  s t r u c t u r a l  outerwrap,  t h e  d e l a m i n a t i o n  c a n  extend t o  t h e  i n t e r -  

f a c e  of t h e  o u t e m r a p  wi thou t  inducing s t r u c t u r a l  f a i l u r e  i n  t h e  nozz le .  I n  

t h i s  c a s e ,  t h e  d e s i g n  of t h e  outerwrap must be  determined from s t r u c t u r a l  

a n a l y s i s  t o  b e  a d e q u a t e  t o  r e a c t  a l l  t h e  l o a d s ,  

Delaminat ions  i n  t h e  n o z z l e  l i n e r  may b e  d e t e c t e d  by v a r i o u s  

i n s p e c t i o n  t e c h n i q u e s ,  Delaminations t h a t  extend t o  t h e  l i n e r  s u r f a c e  can  b e  

d e t e c t e d  by a n  a l c o h o l  p e n e t r a n t  t e s t .  Radiographic  i n s p e c t i o n  i n  bo th  t h e  

r a d i a l  and t a n g e n t i a l  d i r e c t i o n s  and i n f r a r e d  t echn iques  were s u c c e s s f u l  i n  

de te rmin ing  t h e  s i z e  and l o c a t i o n  of i n t e r n a l  de lamina t ions .  

3 .  Wrinkles 

The e f f e c t  of w r i n k l e s  on s u r f a c e  r e g r e s s i o n  and char  dep th  

was more s i g n i f i c a n t  i n  t h e  n o z z l e  e n t r a n c e  r e g i o n s  t h a n  a t  s t a t i o n s  downstream 
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from t h e  t h r o a t .  Wrinkles l a r g e r  t h a n  0 ,125- in ,  (0,3175 cm) ampl i tude a.nd 

1 .0 - in .  ( 2 , 5 4  cm) wid th  r e s u l t e d  i n  over  20% h i g h e r  s u r f a c e  r e g r e s s i o n  and 

c h a r  dep th  f o r  t h e  s i l i c a  p h e n o l i c  i n  t h e  e n t r a n c e  c a p ,  A t  t h e  t h r o a t  and 

downstream s t a t i o n s  of t h e  nozz le ,  even wrink2es wi th  0 ,375- in ,  (0 ,3175 cm) 

amplitude. and 1 .5 - in .  (3 .81  cm) width  i n d i c a t e d  a n  i n s i g n i f i c a n t  e f f e c t  on 

s u r f a c e  r e g r e s s i o n  and char  d e p t h ,  From t h e s e  r e s u l t s ,  t h e  s i z e  of w r i n k l e s  

i n  t h e  n o z z l e  e n t r a n c e  s e c t i o n  should b e  l i m i t e d  t o  0 ,125- in .  (0,3175 cm) 

ampl i tude  and 1 .0 - in ,  (2 ,54  cm) wid th ,  whereas w r i n k l e s  w i t h  0 .25- in ,  (0 ,635 

cn~) ampl i tude  and 1 .5- in ,  (3 .81  cm) wid th  a r e  t o l e r a b l e  f o r  t h e  t h r o a t  and 

e x i t  cone r e g i o n s .  

Wrinkles g e n e r a l l y  extend t o  t h e  s u r f a c e  of t h e  p a r t .  I n  

t h i s  c a s e ,  v i s u a l  i n s p e c t i o n  and p h y s i c a l  measurement p rov ide  a n  i n d i c a t i o n  

of t h e  s i z e  of t h e  w r i n k l e ,  I n t e r n a l  w r i n k l e s  can  b e  d e t e c t e d  by r a d i o g r a p h i c  

i n s p e c t i o n ,  where a d i f f e r e n c e  i n  d e n s i t y  i s  a p p a r e n t .  

4 ,  Res in  Content  

The t e s t  r e s u l t s  i n d i c a t e d  t h a t  t h e  e f f e c t  of r e s i n  c o n t e n t  

on s u r f a c e  r e g r e s s i o n  and char  dep th  depends on t h e  m a t e r i a l  t y p e .  Res in - r i ch  

a r e a s  s i g n i f i c a n t l y  i n c r e a s e d  t h e  r e g r e s s i o n  and char  dep th  of carbon phenol ic  

m a t e r i a l s ,  w h i l e  r e s i n - s t a r v e d  a r e a s  inc reased  t h e  r e g r e s s i o n  and char  dep th  

of s i l i c a  p h e n o l i c .  I n  t h e  e x i t  cone s t a t i o n s  where t h e  wrap o r i e n t a t i o n  of 

carbon phenol ic  i s  p a r a l l e l - t o - c e n t e r l i n e ,  even 1 0  p l i e s  of r e s i n - r i c h  mace- 

r i a l  r e s u l t e d  i n  more t h a n  t w i c e  t h e  s u r f a c e  r e g r e s s i o n  compared w i t h  a  d e f e c t -  

f r e e  p a r t  and t h e  char  dep th  i n c r e a s e d  by 30%. I n  t h e  t h r o a t  s t a t i o n s  where 

t h e  wrap o r i e n t a t i o n  i s  45 d e g r e e s ,  t h e  r e g r e s s i o n  and c h a r  inc reased  30 and 

20%, r e s p e c t i v e l y .  For s i l i c a  p h e n o l i c ,  10 p l i e s  of r e s i n - s  t a rved  m a t e r i a l  

i n  t h e  p a r a l l e l - t o - c e n t e r l i n e  wrap o r i e n t a t i o n  of t h e  e x i t  cone r e s u l t e d  i n  

150 and 70% i n c r e a s e  i n  r e g r e s s i o n  and char  dep th ,  r e s p e c t i v e l y ,  The high-  

angle-wrap o r i e n t a t i o n  of s i l i c a  i n  t h e  e n t r a n c e  cap  r e s u l t e d  i n  30% i n c r e a s e  
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i n  r e g r e s s i o n  and char  w i t h  LO p l i e s  of r e s i n - s t a r v e d  l a m i n a t e s .  These r e s u l t s  

i n d i c a t e  t h a t  f o r  s i l i c a  pheno l ic  m a t e r i a l  even 20 p l i e s  of r e s i n - r i c h  mate- 

r i a l  a r e  a c c e p t a b l e  whi le  r e s i n - s  t a r v e  l amina tes  should n o t  b e  t o l e r a t e d .  For 

carbon p h e n o l i c  m a t e r i a l ,  up t o  10 p l i e s  of r e s i n - s t a r v e d  l amina tes  a r e  accep t -  

a b l e  w h i l e  r e s i n - r i c h  l amina tes  should n o t  b e  t o l e r a t e d .  

5 ,  Densi ty  

A lower d e n s i t y  i n  a  p a r t  r e s u l t s  i n  a  h i g h e r  s u r f a c e  r e g r e s -  

s i o n  and c h a r  d e p t h .  These e f f e c t s  a r e  s i g n i f i c a n t  a t  low a r e a  r a t i o  r e g i o n s  

near  t h e  t h r o a t .  The t e s t  r e s u l t s  i n d i c a t e d  t h a t  p a r t s  w i t h  70 t o  80% d e n s i t y  

a t  t h e  e n t r a n c e  and t h r o a t  s t a t i o n s  i n c r e a s e d  t h e  s u r f a c e  r e g r e s s i o n  and c h a r  

dep th  by more t h a n  50%; whereas p a r t s  w i t h  70 t o  80% d e n s i t y  a t  a n  a r e a  r a t i o  

of 4 . 5  i n  t h e  e x i t  cone d i d  n o t  show any s i g n i f i c a n t  d i f f e r e n c e  i n  r e g r e s s i o n  

o r  char  d e p t h s .  The accep tance  l i m i t s  f o r  d e n s i t y  of t h r o a t  and e n t r a n c e  

components should  b e  mainta ined a t  t h e  l e v e l  t h a t  can  be  t y p i c a l l y  ach ieved  

by t h e  a u t o c l a v e  c u r i n g  p r o c e s s .  The vacuum bag c u r i n g  p r o c e s s ,  t h e r e f o r e ,  

shou ld  n o t  be  used f o r  t h e  f a b r i c a t i o n  of t h e  t h r o a t  and e n t r a n c e  components, 

I n  t h e  e x i t  cone r e g i o n s ,  70 t o  80% of t h i s  d e n s i t y  should be  t h e  c o n t r o l  

l i m i t .  A vacuum bag c u r i n g  p r o c e s s  h a s  been demonstra ted t o  be  adequa te  t o  

meet t h i s  r equ i rement  of reduced d e n s i t y ,  

6 ,  P rocess  Cycle V a r i a t i o n s  

P a r t s  w i t h  d i s c r e p a n c i e s  in t roduced  by water  impregnat ion a s  

a  r e s u l t  of bag l eakage  d u r i n g  t h e  debulk o r  f i n a l  c u r e  c y c l e  and by tempera- 

t u r e  l o s s  dur ing  t h e  p rocess  c y c l e  d i d  n o t  i n d i c a t e  any d i f f e r e n c e  i n  s u r f a c e  

r e g r e s s i o n  o r  char  depth  compared w i t h  a  nondisc repan t  p a r t .  Acceptance 

l i m i t s ,  however, can n o t  b e  a s s i g n e d  t o  t h e s e  d i s c r e p a n c i e s  wi thou t  i n c l u d i n g  

o t h e r  c o n s i d e r a t i o n s ,  I n  t h e  c a s e  of bag l eakage ,  t h e  p a r t  must meet t h e  

acceptanc.e l i m i t s  of v o l a t i l e  c o n t e n t  and d e n s i t y ,  The acceptance l i m i t s  of 

d e n s i t y  and hardness  must be used f o r  t h e  accep tance  c r i t e r i a  of a d i s c r e p a n t  

p a r t  r e s u l t i n g  from tempera tu re  l o s s .  
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Table IX-1 

Averages and Standard Deviat ions f o r  Regression 
and Char Rates  of Normal Ma te r i a l s  

Regression Rate Char Rate 
Number Average Standard Deviation Average Standard Deviation 

Material Location of Tests mil l i - i n . / s e c  (um/sec) mil l i - i n . / s e c  ( ~ m / s e c )  mil 1 i - in . / sec  (,m/sec) m i l l i - i n . / s e c  (um/sec) 

MX-4926 Throat 15 7.12 180.0 0.66 16.8 13.61 345.7 0.63 16.0 

MX-4926 Exi t  Cone 15 2.36 59.9 0.68 17.3 11.10 281 .9 0.96 24.4 

MX-2600 Entrance Cap 13 9.86 250.4 1.34 34.0 13.26 336.8 1.42 36.1 

MX-2600 E x i t  Cone 10 1.32 33.5 0.35 8.9 6.76 171.7 0.34 8 . 6  



Table IX-2 

Discrepancy 

None (6asel ine) 

Vacuum Bag 
Autoclave 

70 to 80% Density 
80 to 90% Density 

Bag Leak, Debul k 
Bag Leak, Final Cure 

Temperature Loss, Oebulk 

6% Volatiles 

9% Volatiles 

Wrinkles, 0.125 in. (0.3175 cm) 

Wrinkles, 0.250 in. (0.6350 cm) 

Wrinkles, 0.375 in. (0.9525 cm) 

Resin-Rich, 10 plies 

Resin-Rich, 20 plies 

Resin-Starved, 10 plies 

Delaminations, 7 plies 

Delaminations, 14 plies 

Delaminations, 28 plies 

Comparison of Discrepant MX-2600 wi th  Normal 
i n  Entrance C ~ D  a t  Area Rat io  3.5 

Density, Virgin 
3 1 bm/f t3 ( kg/m 1 

Regression Rate 

milli-in./sec (vm/sec) 

10.96 278.4 

9.52 241.8 

8.83 224.3 
6.23 158.2 

17.39 441.7 
9.52 241.8 

9.86 250.4 
7.56 192.0 

9.11 231.4 

9.27 235.4 

14.47 367.5 

13.11 333.0 

15.77 400.6 

17.59 446.8 

10.35 262.9 

12.80 325.1 

20.03 508.8 

14.29 363.0 

15.27 367.8 

17.28 438.9 

Difference, Standard 
Deviation 

mill i-in./sec (um/sec) 

0.8 20.3 

-0.3 -7.6 

-0.8 -20.3 

-2.7 * -68.6 

5.7 * 142.2 
-0.3 -7.6 

0 0 

-1.7 -43.2 

-0.6 -15.2 
-0.4 -10.2 

3.5 * 88.9 

1.7 43.2 

4.4 * 111.8 

5.8 * 147.3 

0.4 10.2 

2.2 55.9 

7.6 * 193.0 

3.3 * 83.8 

4.0 * 101.6 

5.5 * 139.7 

Difference, Standaru 
Char Rate Deviation 

milli-in./sec (pm/sec) milli-in.sec (~ni/sec) 

Note: "Denotes significant difference. 



Table  IX-3  

Comparison of D i sc r epan t  MX-4926 w i t h  
Normal a t  Throa t  

Densi ty  Di f ference,  Standard Di f ference,  Standard 
V i r g i n  Char Reqression Rate Dev ia t i on  Char Dev ia t i on  

Discrepancy lbm/f t3  (kg/m3) lbm/f t3  (kq/m3) m i l l i - i n c h / s e c  (m/sec)  m i l l i - i n c h / s e c  (pm/sec) m i l l i - i n c h / s e c  ( m/sec) m i l l i - i n c h / s e c  ( m/sec) 

None (Basel ine)  

Vacuum Bag 

Autoclave 

70 - 80% Densi ty  

80 - 90% Densi ty  

Bag Leak, Debul k 

Bag Leak, F ina l  Cure 

Temperature Loss, Oebul k 

6% V o l a t i l e s  (3.56) 

9% V o l a t i l e s  (4.06) 

Wrinkles, 0.125 i n .  (0.3175 cm) 

Wrinkles, 0.250 i n .  (0.6350 cm) 

Wrinkles, 0.375 i n .  (0.9525 cm) 

Resin-Rich, 10 p l i e s  

Resin-Rich, 20 p l i e s  

Resin-Starved, 10 p l i e s  

Delaminations, 7 p l i e s  

Delaminations, 14 p l i e s  

Delaminations, 28 p l i e s  

NOTE: *Denotes s i g n i f i c a n t  d i f ference.  



Table IX-4 

Comparison of Discrepant  MX-4926 wi th  Normal i n  
E x i t  Cone a t  Area Ra t io  1 .44 

Density , D i f ference,  Standard Di f ference,  Standard 
V i r g i n  Regression Rate Dev ia t ion Char Rate Dev ia t ion 

Discrepancy 1 bm/ft3 (kg/m3) m i l l  i - inch/sec (vm/sec) m i l  l i - i nch /sec  (vm/sec) m i l l i - i n c h / s e c  (vm/sec) m i l  1 i -inch/sec (pm/sec) 

None (Basel ine) 89.9 1440 2.64 67.1 0.4 10.2 11.71 297.4 0.6 15.2 

Vacuum Bag 78.6 1259 2.03 51.6 -0.5 -12.7 11.14 283.0 0 0 

Autoclave 89.9 1440 1.27 32.2 -1 .6 -40.6 10.51 267.0 -0.6 -15.2 

70 - 80% Density 78.6 1259 2.79 70.9 0.6 15.2 14.62 371.3 3.7 * 94.0 

80 - 90% Densi ty  84.3 1350 4.06 103.1 2.5 63.5 14.68 372.9 3.7 * 94.0 

Bag Leak, Debulk 90.5 1450 3.79 96.3 1.1 27.9 12.90 327.7 1.9 48.3 

Bag Leak, F ina l  Cure 90.5 1450 1.63 41.4 1.6 40.6 11.60 294.6 0.5 12.7 

Temperature Loss, Debul k 89.9 1440 3.42 86.9 2.1 53.3 11.10 281.9 0 0 

6% V o l a t i l e s  (4.55) 89.9 1440 3.09 78.5 1.1 27.9 11.97 304.0 0.9 22.9 

9% V o l a t i l e s  89.9 1440 4.53 115.1 3.2 * 81.3 12.46 316.5 1.4 35.6 

Wrinkles, 0.125 i n .  (0.3175 cm) 90.5 1550 4.24 107.7 2.8 * 71.8 11.18 284.0 

Wrinkles, 0.250 i n .  (0.6350 cm) 89.9 1440 3.08 78.2 1 .O 25.4 10.16 258.1 

Wrinkles, 0.375 i n .  (0.9525 cm) 89.9 1440 6.50 165.1 6.1 * 154.9 11 .85 301.1 0.8 20.3 

Resin-Rich, 10 p l i e s  89.9 1440 11.89 302.0 14.0 * 355.6 16.11 409.2 5.3 * 134.6 

Resin-Rich, 20 p l i e s  89.3 1430 5.27 133.9 4.2 * 106.6 14.69 373.1 3.7 * 94.0 

Resin-Starved, 10 p l i e s  89.9 1440 2.70 68.6 0.5 12.7 12.33 313.2 1.3 33.0 

Delaminations, 7 p l i e s  2.70 68.6 0.5 12.7 9.27 235.4 -1.9 -48.3 

Delaminations, 14 p l i e s  4.96 126.0 3.8 * 96.5 15.65 397.5 4.7 * 119.4 

Delaminations, 28 p l i e s  5.38 136.6 4.5 * 114.3 13.06 331.7 2.1 53.3 

NOTE: *Denotes s i g n i f i c a n t  d i f f e rence .  
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Table I X - 6  

Virgin and Char Dens i t i e s  of Discrepant  
Nozzle Mate r i a l s  

Measured Densi ty  Computed 
V i r g i n  Char Char Densi ty  

Carbon S i l i c a  Carbon S i l i c a  Carbon S i l i c a  Nozzle 
Discrepancy S/N l b m / f t 3  (kg/m3) l b m / f t 3  (kg/m3) 1bm/ft3 (kg/m3) lbm/ f t3  (kq/m3) lbm/ f t3  (kg/m3) l b m / f t 3  (kg/m3) 

None (Basel ine)  001 89.9 1440 109.8 1759 68.0 1089 88.0 1410 67.60 1083.0 88.30 1414.6 

None (Base1 i n e  002 89.9 1440 109.8 1759 67.4 1080 87.4 1400 67.60 1083.0 88.30 1414.6 

Vacuum Bag 003 65.4 1048 104.7 1677 53.1 851 84.3 1350 52.93 847.9 84.26 1349.8 

Autoc lave 004 89.9 1440 109.8 1759 67.4 1080 88.0 1410 67.60 1083.0 88.30 1414.6 

70 - 80% Dens i t y  01 9 65.6 1051 102.4 1640 54.3 870 86.8 1390 48.92 783.7 81.35 1303.2 

80 - 90% Dens i t y  020 66.1 1059 101 .O 1618 63.3 1014 71.8 1150 49.56 794.0 80.45 1288.8 

Resin-Rich, 10 p l i e s  007 89.9 1440 110.5 1770 75.5 1210 79.9 1280 65.52 1049.6 85.05 1362.5 

Resin-Rich, 20 p l i e s  009 89.3 1430 105.5 1690 70.5 1129 85.5 1370 57.77 925.5 75.64 1211.8 

Resin-Starved, 10 p l i e s  011 89.8 1438 109.8 1759 70.5 1129 80.5 1290 74.22 1189.0 93.71 1501 7 

Low Dens i t y  027 89.0 1426 68.0 1089 

Low Densi ty  028 71.8 1150 59.9 960 
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Compressive strengths and ~o*auc'xvlEles ot MX-2600 Ex i t  Specimens 

Thermal Conduc t i v i t y *  

Compressive S t renq th  21Z°F (373'K) 392°F (473'K) 500°F (533°K) 
8 t  / i n  / 8 t  / i n  / B t u I i n . 1  

k l b f / i n . 2  ( M N / ~ )  fty-hr:"F (kJ/m-hr-OK) f t y - h r l 0 f  (kJ/m-hr-OK) f t 2 - h r - " F  (kJ/m-hr-OK) 
Regression Rate 

m i l  l i - i n . / s e c  (pm/sec) 

0.78 19.81 

Discrepancy 

Autoclave 
65.0 (R) 448.2 
55.8 (A) 384.7 2.68 1.39 3.7 1.92 3.38 1.75 
65.2 (T) 449.5 

63.4 (R) 437.1 
54.5 375.8 3.03 1.57 3.33 1.73 3.37 1.75 
63.6 (T) 438.5 

None (Basel ine) 

59.7 (R) 411.6 
49.8 (A) 343.4 
58.1 (T) 400.6 

Temperature Loss, Debul k 

49.3 (R) 339.9 
42.4 (A) 292.3 2.76 1.43 3.02 1.57 3.57 1.85 
49.5 (T) 341.3 

Vacuum Bag 

70 t o  80% Dens i ty  

36.8 (R) 253.7 

36.8 ( R )  253.7 
36.9 (A) 254.4 2.1 
44.7 (T) 308.2 

80 t o  90% Dens i ty  

65.5 (R) 452.3 
56.5 (A) 389.6 2.88 1.49 3.65 1.89 3.8 
65.8 (T) 453.7 

Bag Leak, F i n a l  Cure 

62.0 (R) 427.5 
53.3 (A) 367.5 2.72 1.41 3.36 1.74 3.45 1.79 
62.2 (T) 428.8 

Bag Leak, Debulk 

65.3 (R) 450.2 
56.1 (A) 386.8 
65.5 (T) 451.6 

9% V o l a t i l e s  

55.7 (R) 384.0 
55.5 (A) 382.6 
50.6 (T) 348.9 

6% V o l a t i l e s  

54.8 (A) 377.8 Wrinkles,  0.375 i n .  (0.9525 cm) 

Wrinkles,  0.125 i n .  (0.3175 cm) 

Wrinkles,  0.250 i n .  (0.6350 cm) 

Resin-Rich, 10 p l i e s  

Resin-Rich, 20 p l i e s  

Resin-Starved, 10 p l i e s  

51.2 (A) 353.0 3.30 1.71 3.38 1.75 3.02 1.57 

50.0 (A) 344.7 3.25 1.69 3.73 1.94 3.93 2.04 

57.3 (A) 395.1 3.31 1.72 4.02 2.08 3.85 2.00 

46.0 (A) 317.2 3.03 1.57 3.31 1.72 3.43 1.78 

52.0 (A) 358.5 

Note: *Denotes measurements taken perpend icu la r  t o  o r i g i n a l  su r face .  
(R), (A), and (T )  denote r a d i a l ,  a x i a l ,  and t a n g e n t i a l  measurement, r e s p e c t i v e l y .  
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28 Plies Delaminations 

Hoop Stress and Strain at t = 25 sec f o r  MX-2600 Material i n  Exit Cone S/N 016 

Figure IX-2 
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28 P l  i es Del aminations 

- -  4800 p s i  Allowable Tensile 

Axial  and Shear S t r e s s e s  i n  MX-2600 Ma te r i a l  i n  Ex i t  Cone SIN 016 

F igure  I X - 3  
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X.  CONCLUSIONS AND RECOMMENDATIONS 

A .  CONCLUSIONS 

1. Structural failures of large solid rocket motor nozzle com- 

ponents resulting from discrepancies of the type, frequency, and severity 

evaluated in this program are unlikely unless there is a gas flow path through 

the liner. 

2. Ablative performance of large solid rocket motor nozzle com- 

ponents resulting from discrepancies of the type evaluated in this program 

will be acceptable at the following limits: 

a. Volatile Content - Five percent maximum. 

b. Delaminations in parts without surrounding wraps or 

shells - None. 

c. Delaminations in high wrap orientation parts with 

surrounding wraps or shells - Evaluate effect on ablative performance. 

d. Delaminations in parallel-to-centerline wrap parts - 
Seven plies maxilnum. 

e. Wrinkles in entrance section - 0.125 in. (0.328 cm) 
high by 1.0 in. (2.54 cm) wide. 

E.  Wrinkles in throat and exit sections - 0.250 in. (0.655 
cm) high by 1,5 in. (3.81 cm) wide. 

g. Resin starved carbonaceous composites - 10 plies maximum. 

Page 93 
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X . A .  Conclusions  (con t )  

h .  Resin  s t a r v e d  s i l i c a  composites - None. 

i. Resin-r ich,  carbonaceous composites - None. 

j. Res in- r i ch ,  s i l i c a  composites - 20 p l i e s ,  maximum 

k.  Densi ty  i n  n o z z l e  e n t r a n c e  and t h r o a t  - 97.4  l b / c u  f t  

(1.40 gm/cc) minimum f o r  carbonaceous wraps;  106 l b / c u  f t  (1.70 gmlcc) minimum 

f o r  s i l i c a  wraps.  

3 .  Discrepanc ies  beyond t h e  t o l e r a b l e  l i m i t s  above s h a l l  be 

removed and r e p l a c e d  by a c c e p t a b l e  m a t e r i a l ,  excep t  t h a t :  

a .  V o l a t i l e  c o n t e n t  may b e  reworked by a d d i t i o n a l  t ime a t  

c u r e  t empera tu re .  

b .  Temperature l o s s  d u r i n g  c u r e  may be r e c t i f i e d  by c u r i n g  

a t  f u l l  c u r e  c y c l e  of p r e s s u r e  and t empera tu re .  

4 .  Disc repanc ies  up t o  t h e  l i m i t s  of a c c e p t a b i l i t y  a r e  d e t e c t a b l e  

by p u l s e  echo u l t r a s o n i c s  and t a n g e n t i a l  radiography.  

5 .  I n f r a r e d  thermographic t echn iques  a r e  s u i t a b l e  f o r  t h e  de tec -  

t i o n  of de lamina t ions ,  r e s i n - r i c h  and wrinkled a r e a s ;  f u r t h e r  development i s  

r e q u i r e d  t o  scale-up t h e  t echn ique  t o  l a r g e  nozz le  components. 

B. RECOMMENDATIONS 

1. S p e c i f i c a t i o n s  f o r  t h e  r a d i o g r a p h i c  and u l t r a s o n i c  i n s p e c t i o n  

of l a r g e  a b l a t i v e  n ~ z z l e  components should  be r e v i s e d  t o  i n c l u d e  t h e s e  new 

a c c e p t a n c e  l e v e l s .  
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X.B. Recornmendations (cont) 

2. Techniques should be developed that will nondestructively 

determine the density and resin content of ablative composite in place. This 

information can be input into the charring ablation program to predict the 

local ablative performance. 

3 .  A room-temperature-curing phenolic base resin should be 

evaluated for use in repair of ablative nozzle components. 
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TR 69-20 30 April  1969 

Thermal  Evaluation of Phenolic Fiberglass Structures  

by 
J .  Hille 

INTRODUCTION 

A thermal  nondestructive application study was performed for Aerojet  
General  Corporation to determine the usefulness of thermal  techniques 
for  testing of phenolic f iberglass  s t ruc tures .  Part icular  emphasis was 
placed on determining the inspection depth, defect s ize,  and t e s t  sen-  
sitivity. The program was aimed a t  investigating thermal  testing of 
phenolic and carbon-phenolic s t ruc tures  in general ra ther  than a t  solv- 
ing any specific inspection problem. 

SAMPLE DESCRIPTION 

T e s t  samples  with intentional manufactured defects were  supplied by 
Aerojet  General  Corporation. The general  sample configuration and 
defect locations a r e  shown in F igures  1 through 3 .  To provide depth 
and size information, Automation Industries,  Inc. , machined a se t  of 
calibrated reference holes into one of the samples .  The s izes  and 
locations of these holes a r e  shown i n  Figure 4. 

TEST EQUIPMENT 

The following equipment was used in  performing the tes t s  for  this study: 

Automation Industries ' Inf rared  Radiometer,  Model PPL- 30 1 
Automation Industries ' Turntable,  Model 0-60 
Wewlett -Packard ' s  X-Y Recorder ,  Model 2A2D 

TEST THEORY 

In performing a thermal  tes t  the surface temperature of the sample i s  
ra i sed .  This i s  usually done with focused visible radiation. After a 
shor t  t ime delay, to allow the heat to penetrate into the sample,  the 
surface terfiperature is  remotely measured with an infrared radiometer .  
Any subsurface discontinuity obstructs  the normal heat diffusion into 
the sample,  and causes a hot spot to develop on the sur face .  These 
hot spots a r e  detected by the radiometer  and indicate the subsurface 
defects .  
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By providing relative motion between the radiometer and heat source,  
and the sample a single line i s  tested ac ross  the pa r t .  The output of 
the radiometer  and the relative motion is used to drive an X-Y recorde r .  
Tempera ture  information i s  shown on the Y-axis. The X-axis shows 
distance traveled a c r o s s  the sample.  

The three  variable t e s t  parameters  used in thermal  testing a r e  a s  
follow: 

1. Time-Delay - The t ime between f i r s t  application of heat and 
the surface temperature measurement .  

2 .  Scan-Speed - Speed a t  which the sample moves past the 
radiometer  and heat source.  

3 .  Heat-Input - Amount of heat energy applied to the tes t  surface.  

These tes t  pa ramete r s  a r e  interacting and can be varied over a wide 
range to control inspection depth and speed. Of pr imary  importance 
is t ime -delay since this parameter  regulates tes t  depth. Longer delays 
before tempera ture  measurement allow the applied heat to diffuse 
deeper into the par t  while shor te r  delays permit only shallow penetra- 
tion. The thermal  conductivity also affects penetration and longer 
delays a r e  required for slow conducting mater ia l s  such a s  nonmetallics . 
Time-delay is determined by the distance between the moving heat spot 
and the t rai l ing radiometer detector spot and the scan speed. To main- 
tain a constant time-delay the distance must  be increased a s  the speed 
increases .  

The Scan-Speed, aside f rom affecting the time-delay, also affects the 
heat-input. At a constant heat source setting, l e s s  heat i s  applied to 
the tes t  surface a s  the scan speed increases .  Therefore,  a l l  three 
parameters  affect each other and must be properly adjusted to obtain 
optimum resul t s .  

TEST RESULTS 

The tes t  se t  up used in this study is  shown i n  Figure 5 .  The relative 
sample motion is provided by rotating the pa r t .  

Initial t e s t s  were  performed over one of the defects inser ted by 
Aerojet  General  Corporation personnel.  These resu l t s ,  shown in 
F igures  6 through 8, represent  the f i r s t  t e s t s  performed on Sample 
1147247-4. 

A U T O M A T I O N  I N D U I T R I C I .  I N C  - 
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F igures  6 and 7 show tes t s  with increasing t ime delays,  The 1 
second scan on F i g u ~ e  6 shows the normal surface temperature 
(approximately 15 " C  above ambient) resulting af te r  1 second of heating. 
A slight indication of the defect i s  evident near the center of the scan .  
Scans a t  2, 3,  and 4 seconds delay show the defect in more  detail 
indicating that 1 second does not allow the heat to penetrate to the 
defect and develop a surface hot spot. A delay of twelve seconds a s  
shown on Figure 7 was sufficient to clearly define the 3 inches unbond 
in this sample.  Figure 8 shows 4 scans taken in 1/4 inch s teps c r o s s -  
ing the defect. This defect was of constant depth and did not provide 
a means of comparing the defect indication to the depth o r  the s ize of 
the defect. 

After obtaining permission f rom Aerojet General Corporation, a se t  
of calibrated reference defects were  machined into part  #1147245-7. 
The detailed information on these reference defects i s  shown in F igure  
4.  The varying depth defects were  used to determine the t e s t  pene- 
t ra t ion into the sample.  . 

T e s t s  with varying time delays were performed starting with 1 second 
and extending out to 120 seconds delay, The resul ts  of these tes t s  a r e  
shown in Figures  9 through 17. 

To more  clear ly show the relationship of the various tes t  parameters  
used during these tes t s ,  the data f rom these graphs was compiled in 
graphical form.  

The t e s t  sensitivity versus  time-delay i s  shown in the graph of Figure 
18. This graph was obtained by calculating the sensitivity of each 
defect indication a s  follows: 

AT % sensitivity = - (100) 
T 

where A T  .: temperature increase over defect 

% = normal  sample temperature above ambient. 

The sensitivity was then plotted against delay in seconds for each 
different depth defect. The sensitivity begins a t  0% a t  0 delay and 
increases  to 35% sensitivity a t  1120 seconds delay. As shown, the 
curves for the deeper defects a r e  proportionately lower. Notice that 
the sensitivity begins to level off and additional delay does not improve 
the t e s t .  In fact the sensitivity reaches an optinzurn a t  some given 
delay and begins to decrease at longer delays. 

A A U T O M A T I O N  INDUSTRkES, I N C .  
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Figure  19 shows s imi lar  resu l t s  of t e s t  sensitivity versus  depth for  a 
given delay. Notice that the sensitivity decreases  a s  the defect depth 
inc reases .  This is a s  expected since a given delay i s  optimum for  one 
depth only and must  be increased a s  the defect depth increases  to obtain 
maximum tes t  s ens itivity . 

The relationship between delay and penetration can be determined by 
choosing a given sensitivity on Figure 18. These resul ts  a r e  shown in 
F igure  20 and indicate that a s  the defect extends deeper into the par t  a 
longer delay is required to obtain the same sensitivity. 

Another important factor to be considered in thermal  testing i s  the 
minimum size of defect which can be detected. At a constant depth and 
delay the sensitivity will  decrease  a s  the defect s ize decreases .  The 
the rma l  recordings in F igures  21 and 22 show the resul ts  of t e s t s  over 
a se t  of decreasing s ize reference holes a t  a constant depth. The resu l t s  
a r e  a l so  graphically shown in Figure 23. 

Another factor that requires  some consideration i s  the surface condition 
of the sample.  F o r  convenience, visual energy i s  usually used to es tab-  
l i sh  heat-flow into the sample.  Since the amount of heat absorbed by a 
surface i s  determined by the surface reflectivity, surface variations 
can affect the heat absorption. Dark a r e a s  absorb more  heat than light 
a r e a s  resulting in an erroneous hot spot caused by the surface ra ther  
than a defect. If surface variations a r e  present  it i s  necessary to coat 
the t e s t  surface to provide uniform heat absorption. 

An example of a nonuniform tes t  surface i s  shown in  Figure 24. This 
recording shows a tes t  performed over the se r i a l -  and part-number of 
sample 1010062-10. F igures  25 and 26 show how the surface condition 
can be overcome by applying a uniform coating. 

After establishing the proper  tes t  pa ramete r s  over the calibration 
defects a s e r i e s  of final tes t s  were performed over the defects inser ted 
in  the par t s  by Aerojet  General Corporation. The resul ts  of these t e s t s  
a r e  shown in F igures  27 through 30. These recordings represent  t e s t s  
over  delaminated and r e s in  r ich  a r e a s .  No thermal  tes t  resul ts  were  
obtained on the wrinkled a r e a s  contained in  the samples .  Apparently 
the wrinkles in the par t s  do not significantly affect the thermal  flow 
charac ter i s t ics .  
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M S A  CR 72702, Appendix A 

CONCLUSIONS 

Use of thermal  nondestructive inspection techniques for detection of 
various defects in phenolic fiberglass s t ructures  appears  pract ical  f r o m  
resul ts  of this study. Various intentional defects such a s  delaminations 
and res in  r ich  a r e a s  were  detected. A careful study of a s e r i e s  of 
calibrated reference holes indicated the size and depth limitations of 
the thermal  technique. Defects of 1/2 inch diameter  were  detected a t  
depths up to . 3 5 3  inch. Defects a s  small  a s  1/8 inch diameter  were 
detected a t  shallow depths. This study indicates that defect diameter  
must  be a t  least  two t imes  the defect depth to obtain good t e s t  sensit iv- 
ity. This relationship would hold for thicker mater ia l s ,  a l so .  

Inspection speed for  the laboratory investigation was quite slow. This 
was because of the sma l l  s ize of the par ts  and the limited length of the 
available heat source.  To obtain long delays it was necessary  to tu rn  
the par t  very slowly. On l a rge r  par ts  o r  in a production application 
this  would probably not be a limitation. The important factor i s  the 
t ime the heat i s  allowed to penetrate.  Long heating t imes  could be 
accomplished with longer hea ters  o r  by a preheat process .  The inspec- 
tion could then be performed a t  a rapid rate.  

Ef l a rge  a r e a s  a r e  to be tested an a rea  scan sys tem would be advisable. 
Such a sys tem per forms the same type of thermal  tes t  a s  has  been des-  
cribed in this study except that a 6 inch wide path i s  tested in a single 
pass. Inspection coverages up to 2 to 3 feetz/minute a r e  then possible. 

Some problems were  encountered in testing the bright, smooth surface 
of Sample #1147245-7. This was overcome by applying a darkening 
coating to the tes t  surface.  Coating was not required on the other s u r -  
faces  tested. This surface problem could probably be eliminated by 
careful selection and alignment of the heat  source ,  However, a coating 
might be required for ve ry  bsight surfaces.  

The thermal  tes t  resul ts  included in this report  should be correlated 
with resul ts  From other inspection techniques. Careful consideration 
should be given to the character is t ic  tes t  parameter  versus  defect 
curves for this mater ia l  in de t ' e rmi~~ing  if the thermal  t e s t  could be 
used.  The advantages of the tes t  such a s  noncontact and rapid inspec- 
tion should be evaluated. 
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I% the thermal  t e s t  appears  feasible f o r  phenolic fiberglass mater ia l  
the next logical s tep  would be to  investigate actual inspection problenls . 
Details such a s  inspection speed, optimum test  parameters ,  and data 
read out should be considered. Alternate methods of performing the 
t e s t  such a s  oven heating the par t s  and performing a tes t  a s  the par t  
cools should also be evaluated. 

Automation Industries,  Inc. , would be happy to supply additional 
details for  such an  investigation o r  for thermal  inspection equipment 
to  per form these t e s t s .  P lease  direct  any questions regarding this 
repor t  to Mr .  J . A .  Robinson, Regional Manager, Automation Industries,  
Inc . ,  2995 Corvin Drive,  Santa Clara ,  California, 95050, telephone 
408-245-5994, o r  directly to the Thermal  Research  Applications Group, 
Research  Division, P. 0 .  Box 950, Boulder, Colorado, 80302, telephone 
303-443-6011. 
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W s l e  Size in  Inches 

F i g u r e  2 3 .  Sensitivity v s  Size 
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